WORLD n^TTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCX 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification : 
H04L 12/00 



A2 



(11) International Publication Number: WO 00/65772 

(43) International Publication Date: 2 November 2(X)0 (02.1 1.00) 



(21) International Application Number: PCT/USOO/1 1 123 

(22) International Filing Date: 24 April 2000 (24.04.00) 



(30) Priority Data: 
60/130.616 
09/390.856 
09/437.721 



22 April 1999 (22.04.99) US 
3 September 1999 (03.09.99) US 
9 November 1 999 (09. 1 1 .99) US 



(71) Applicant (for all designated States except US): BROADCOM 

CORPORATION [US/US]; 16215 Alton Parkway. Irvine. 
CA 92618 (US). 

(72) Inventor; and 

(75) Inventor/Applicant (for US only): AGAZZI. Oscar E. 
[ARAJS]; 16215 Alton Parkway, Irvine, C A 92618 (US). 

(74) Agent: HOANG, Phuong-Quan; Christie, Parker & Hale. LLP. 
P.O. Box 7068. Pasadena. CA 91 109-7068 (US). 



(81) Designated States: AE, AL, AM. AT. AU. AZ. BA, BB. BG. 
BR. BY, CA, CH. CN, CR. CU. CZ, DE, DK, DM. EE. 
ES, PI. GB. GD, GE. GH, GM, HR. HU, ID, IL. IN, IS, JP. 
KE, KG. KP. KR. KZ, LC, LK, LR. LS. LT, LU. LV. MA. 
MD. MG. MK. MN. MW, MX, NO. NZ, PL. PT. RO, RU. 
SD. SE, SG. SI. SK. SL. TJ. TM. TR. TT. TZ, UA, UG. 
US. UZ, VN. YU, ZA, ZW, ARIPO patent (GH. GM. KE, 
LS, MW. SD. SL, SZ. TZ. UG. ZW). Eurasian patent (AM. 
AZ. BY, KG. KZ. MD. RU, TJ. TM), European patent (AT, 
BE. CH, CY, DE. DK. ES, FI, PR, GB. GR, IE. IT, LU. 
MC. NL, PT, SE). OAPI patent (BF. BJ. CF, CG. CI, CM, 
GA. GN. GW, ML. MR, NE, SN. TD. TG). 



Published 

Without international search report and to be republished 
upon receipt of that report. 



(54) Title: PHY CONTROL MODULE FOR A MULTI-PAIR GIGABIT TRANSCEIVER 



RESET 



1316 



1314 

\ 

GMII 
INTERFACE 



1302 TX_EN 

A 



1310 



AUTO 
NEGOTIATION 



1312 

UNK_CONTROU.1000T 



1306 



SERIAL 
MANAGEMENT 



*1308 



diagnosticMode 
ForceAItematePath 
7PMENABLE, etc. 



-1304 



PHY CONTROL 



1320 



-1322 



1318 



DSP + PCS 



(57) Abstract 
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PHY CONTROL MODULE 
FOR A MULTI-PAIR GIGABIT TRANSCEIVER 

CROSS-REFERENCE TO RELATED APPLICATIONS 

The present invention is a continuation-in-part of the following co-pending 
5 applications, the contents of each of which are herein incorporated by reference: 
Serial Number 09/390,856 entitled "Dynamic Regulation of Power Consumption 
of a High-Speed Communication System" filed on September 03,1999; Serial 
Number 09/437,721 entitled "Timing Recovery System for a Multi-Pair Gigabit 
Transceiver" filed on November 09, 1999. 

10 The present application also claims priority of the following provisional 

application, the contents of which are herein incorporated by reference: Serial 
Number 60/130,616 entitled "Multi-Pair Gigabit Ethernet Transceiver" filed on 
April 22, 1999. 

BACKGROUND OF THE INVENTION 

15 1. FIELD OF THE INVENTION 

The present invention generally relates to a PHY Control module in a 
transceiver. More particularly, the present invention relates to a PHY Control 
module for controlling operation in a gigabit Ethernet transceiver, which 
includes more than one constituent transceiver. 

20 2. DESCRIPTION OF RELATED ART 

A transceiver includes a transmitter and a receiver. In a traditional half- 
duplex transceiver, the transmitter and the receiver can operate with a common 
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clock signal since the transmitting and receiving operations do not occur 
simultaneously. 

In a full-duplex transceiver, the transmitting operation occurs 
simultaneously with the receiving operation. The full-duplex transceiver needs 
5 to operate with at least two clock signals, a transmit clock signal (TCLK) and a 
sampling clock signal. The TCLK signal is used by the transmitter to regulate 
transmission of data symbols. The samphng clock signal is used by the receiver 
to regulate sampling of the received signal at an analog-to digital (A/D) 
converter. At the local receiver, the frequency and phase of the samphng clock 

10 signal are adjusted by a timing recovery system of the local receiver in such a 
way that they track the transmit clock signal of the remote transmitter. The 
sampled received signal is demodulated by digital signal processing function 
blocks of the receiver. These digital processing functions blocks may operate in 
accordance with either the TCLK signal or the samphng clock signal, provided 

15 that signals crossing boundaries between the two clock signals are treated 
appropriately so that any loss of signal or data samples is prevented. 

The IEEE 802.3ab standard (also called lOOOBASE-T) for 1 gigabit per 
second (Gb/s) Ethernet full-duplex communication system specifies that there 
are four constituent transceivers in a gigabit transceiver and that the full-duplex 

20 communication is over four twisted pairs of Category-5 copper cables. Since a 
Gigabit Ethernet transceiver has four constituent transmitters and four 
constituent receivers, its operation is much more complex than the operation of a 
traditional full-duplex transceiver. Power consumption is an important problem 
that must be addressed. The four twisted pairs of cable may introduce different 

25 delays on the signals, causing the signals to have different phases. This, in turn, 
requires the gigabit Ethernet transceiver to have four A/D converters operating 
in accordance with four respective samphng clock signals. In addition, the 
problem of switching noise coupled from the digital signal processing blocks of 
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the gigabit Ethernet transceiver to the four A/D converters must also be 
addressed. 

Therefore, there is a need to have an efficient Physical (PHY) Control 
module for controlling the complex operation of a gigabit Ethernet transceiver. 

5 SUMMARY OF THE INVENTION 

A method for controlling operation of a multi-pair gigabit transceiver. The 
multi-pair gigabit transceiver comprises a Physical Layer Control module (PHY 
Control), a ^Physical Coding Sublayer module (PCS) and a Digital Signal 
Processing module (DSP). The PHY Control receives user-defined inputs from 
10 the Serial Management module and status signals and diagnostics signals from 
the DSP and the PCS and generates control signals, responsive to the user- 
defined inputs, the status signals and diagnostics signals, to the DSP and the 
PCS. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 The features of the present invention will become more apparent and the 

invention will be best understood by reference to the following description and 
the accompanying drawings, wherein: 

FIG. 1 a simplified block diagram of a multi-pair communication system 
operating in conformance with the IEEE 802.3ab standard (also termed 
20 lOOOBASE-T) for 1 gigabit (Gb/s) Ethernet full-duplex communication over four 
twisted pairs of Category-5 copper wires; 

FIG. 2 is a simplified block diagram of the functional architecture and 
internal construction of an embodiment of a gigabit transceiver of FIG. 1; 

FIG. 3 is a simplified block diagram of an embodiment of the trellis 
25 decoder 38 of FIG. 2; 

3 
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FIG. 4 illustrates the general clocking relationship between the 
transmitter and the receiver inside each of the four constituent transceivers 108 
of the gigabit Ethernet transceiver (101 or 102) of FIG. 1; 

FIG. 5 is a simplified block diagram of an embodiment of the timing 
recovery system constructed according to the present invention; 

FIG. 6 is a block diagram of an exemplary implementation of the system of 
FIG. 5; 

FIG. 7 is a block diagram of an exemplary embodiment of the phase reset 
logic block used for resetting the register of the NCO of FIG. 6 to a specified 
value; 

FIG. 8 is a block diagram of an exemplary phase shifter logic block used 
for the phase control of the receive clock signal RCLK; 

FIG. 9 is a flowchart of an embodiment of the process for adjusting the 
phase of the receive clock signal RCLK; 

FIG. lOA is a first example of clock distribution where the transitions of 
the four sampHng clock signals ACLKO - 3 are evenly distributed, within the 
symbol period. 

FIG. lOB is a second example of clock distribution where the transitions of 
the four sampling clock signals ACLKO - 3 are distributed within the symbol 
period of 8 nanoseconds (ns) such that each ACLK clock transition is 1 ns apart 
from an adjacent ACLK clock transition. 

FIG. IOC is a third example of clock distribution where the transitions of 
the four sampling clock signals ACLKO - 3 occur at the same instant within the 
symbol period. 
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FIG. 11 is a flowchart of an embodiment of the process for adjusting the 
phase of a sampUng clock signal ACLKx associated with one of the constituent 
transceivers; 

FIG. 12 is a block diagram of an embodiment of the MSE computation 
5 block used for computing the mean squared error of a constituent transceiver. 

FIG. 13 is a high-level block diagram of the gigabit transceiver illustrating 
the interactions between the PHY Control module and other modules of the 
gigabit transceiver. 

FIG. 14 illustrates the hierarchical structure of the PHY Control module. 

10 FIG. 15 shows the generation of the control signals Energy Detect, 

MSEOKl, MSEOK2, MSE0K3. 

FIGS. 16A through 16G shows the flowchart for the main state machine 
1402 (FIG. 14) when the local gigabit transceiver is assuming the Master role in 
a bi-directional communication. 

15 FIGS. 17A through 17G shows the flowchart for the main state machine 

1402 (FIG. 14) when the local gigabit transceiver is assuming the Slave role in a 
bi-directional communication. 

FIG. 18 shows a flowchart for the ConvergeMasterCancellers substate 
machine. 

20 FIGS. 19A and 19B shows a flowchart for the ConvergeSlaveCancellers 

substate machine. 

FIGS. 20A and 20B shows a flowchart of the ConvergeMasterDFE 
substate machine. 

FIGS. 21A and 21B shows a flowchart of the ConvergeSlaveDFE substate 
25 machine. 
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FIG. 22 shows a flowchart of the AlignPCS substate machine. 

FIG. 23 shows a flowchart of the main state machine when operating in 
the Loopback test mode. 

FIG. 24 shows a flowchart of the RecenterMasterFifos and the 
RecenterSlaveFifos substate machines. 

FIG. 25 shows a flowchart of the Tap Power Management state machine 
(TPM) 2500. 

FIG. 26 illustrates the flowchart of the ActivateTaps substate machine. 

FIG. 27 illustrates the flowchart of the DeactivateTaps substate machine. 

FIG. 28 illustrates a flowchart of the EstimateMSE substate machine. 

FIG. 29 shows the flowchart of the PowerDownTaps substate machine. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a PHY Control module for controlling 
operation of a multi-pair gigabit transceiver. 

The present invention provides a method and a timing recovery system for 
generating a set of clock signals in a processing system. The set of clock signals 
includes a set of sampUng clock signals. The processing system includes a set of 
processing subsystems, each of which includes an analog section and a digital 
section. Each of the analog sections operates in accordance with a corresponding 
sampling clock signals. The digital sections operate in accordance with a receive 
clock. An example of the processing system is a gigabit transceiver. In this case, 
the processing subsystems are the constituent transceivers. 
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The present invention also provides a method and a system for 
substantially minimizing system performance degradation caused by coupUng of 
switching noise from the digital sections to the analog sections. 

The present invention can be used to generate and distribute clock signals 
5 in a gigabit transceiver of a Gigabit Ethernet communication system such that 
effect of switching noise coupled from one clock domain to another clock domain 
is minimized. By "clock domain", it is meant the circuit blocks that are operating 
according to transitions of a particular clock signal. For ease of explanation, the 
present invention will be described in detail as applied to this exemplary 
10 appUcation. However, this is not to be construed as a limitation of the present 
invention. 

In order to appreciate the advantages of the present invention, it will be 
beneficial to describe the invention in the context of an exemplary bi-directional 
communication device, such as an Ethernet transceiver. The particular 
15 exemplary implementation chosen is depicted in FIG. 1, which is a simplified 
block diagram of a multi-pair communication system operating in conformance 
with the IEEE 802.3ab standard (also termed lOOOBASE-T) for 1 gigabit (Gb/s) 
Ethernet full-duplex communication over four twisted pairs of Category-5 copper 
wires. 

20 In FIG. 1, the communication system is represented as a point-to-point 

system in order to simplify the explanation, and includes two main transceiver 
blocks 102 and 104, coupled together via four twisted-pair cables 112a, b, c and 
d. Each of the wire pairs 112a, b, c, d is coupled to each of the transceiver blocks 
102, 104 through a respective one of four line interface circuits 106. Each of the 

25 wire pairs 112a, b, c, d facUitates communication of information between 
corresponding pairs of four pairs of transmitter/receiver circuits (constituent 
transceivers) 108. Each of the constituent transceivers 108 is coupled between a 
respective line interface circuit 106 and a Physical Coding Sublayer (PCS) block 
110. At each of the transceiver blocks 102 and 104, the four constituent 

7 
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transceivers 108 are capable of operating simultaneously at 250 megabits of 
information data per second (Mb/s) each, i.e.. 125 Mbaud at 2 information data 
bits per symbol, the 2 information data bits being encoded in one of the 5 levels 
of the PAM-5 (Pulse Amplitude Modulation) alphabet. The four constituent 
5 transceivers 108 are coupled to the corresponding remote constituent 
transceivers through respective line interface circuits to facilitate full-duplex bi- 
directional operation. Thus, IGb/s communication throughput of each of the 
transceiver blocks 102 and 104 is achieved by using four 250 Mb/s constituent 
transceivers 108 for each of the transceiver blocks 102, 104 and four pairs of 
10 twisted copper cables to connect the two transceiver blocks 102, 104 together. 

FIG. 2 is a simplified block diagram of the functional architecture and 
internal construction of an exemplary transceiver block, indicated generally at 
200, such as transceiver 101 of FIG. 1. Since the illustrative transceiver 
application relates to gigabit Ethernet transmission, the transceiver will be 

15 referred to as the "gigabit transceiver". For ease of illustration and description, 
FIG. 2 shows only one of the four 250 Mb/s constituent transceivers which are 
operating simultaneously (termed herein 4-D operation). However, since the 
operation of the four constituent transceivers are necessarily interrelated, 
certain blocks and signal hues in the exemplary embodiment of FIG. 2 perform 

20 four-dimensional operations and carry four-dimensional (4-D) signals, 
respectively. By 4-D, it is meant that the data from the four constituent 
transceivers are used simultaneously. In order to clarify signal relationships in 
FIG. 2, thin lines correspond to 1-dimensional functions or signals (i.e., relating 
to only a single constituent transceiver), and thick Unes correspond to 4-D 

25 functions or signals (relating to all four constituent transceivers). 

Referring to FIG. 2, the gigabit transceiver 200 includes a Gigabit Medium 
Independent Interface (GMII) block 202 subdivided into a receive GMII circuit 
202R and a transmit GMII circuit 202T. The transceiver also includes a Physical 
Coding Sublayer (PCS) block 204, subdivided into a receive PCS circuit 204R and 



BNSCOCID: <WO_„0065772A2_I_> 



wo 00/65772 PCTAJSOO/1 1 1 23 



a transmit PCS circuit 204T, a pulse shaping filter 206, a digital-to analog (D/A) 
converter block 208, and a line interface block 210, all generally encompassing 
the transmitter portion of the transceiver. 

The receiver portion generally includes a highpass filter 212, a 
5 programmable gain amplifier (PGA) 214, an analog-to-digital (A/D) converter 
216, an automatic gain control (AGC) block 220, a timing recovery block 222, a 
pair-swap multiplexer block 224, a demodulator 226, an offset canceller 228, a 
near-end crosstalk (NEXT) canceller block 230 having three constituent NEXT 
cancellers and an echo canceller 232. 

The gigabit transceiver 200 also includes an A/D first-in-first-out buffer 
(FIFO) 218 to facilitate proper transfer of data from the analog clock region to 
the receive clock region, and a loopback FIFO block (LPBK) 234 to facilitate 
proper transfer of data from the transmit clock region to the receive clock region. 
The gigabit transceiver 200 can optionally include an additional adaptive filter to 
cancel far-end crosstalk noise (FEXT canceller). 

In operational terms, on the transmit path, the transmit section 202T of 
the GMIl block receives data from the Media Access Control (MAC) module in 
byte-wide format at the rate of 125 MHz and passes them to the transmit section 
204T of the PCS block via the FIFO 201. The FIFO 201 ensures proper data 
20 transfer from the MAC layer to the Physical Coding (PHY) layer, since the 
transmit clock of the PHY layer is not necessarily synchronized with the clock of 
the MAC layer. In one embodiment, this small FIFO 201 has from about three to 
about five memory cells to accommodate the elasticity requirement which is a 
function of frame size and frequency offset. 

25 The PCS transmit section 204T performs certain scrambling operations 

and, in particular, is responsible for encoding digital data into the requisite 
codeword representations appropriate for transmission. In the. illustrated 
embodiment of FIG. 2. the transmit PCS section 204T incorporates a coding 

9 
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engine and signal mapper that implements a trellis coding architecture, such as 
required by the IEEE 802.3ab specification for gigabit transmission. 

In accordance with this encoding architecture, the PCS transmit section 
204T generates four 1-D symbols, one for each of the four constituent 
5 transceivers. The 1-D symbol generated for the constituent transceiver depicted 
in FIG. 2 is filtered by the pulse shaping filter 206. This filtering assists in 
reducing the radiated emission of the output of the transceiver such that it falls 
within the parameters required by the Federal Communications Commission. 
The pulse shaping filter 206 is implemented so as to define a transfer function of 

10 0.75 +0.25Z-1. This particular implementation is chosen so that the power 
spectrum of the output of the transceiver falls below the power spectrum of a 
100Base-TX signal. The lOOBase-Tx is a widely used and accepted Fast Ethernet 
standard for 100 Mb/s operation on two pairs of Category-5 twisted pair cables. 
The output of the pulse shaping filter 206 is converted to an analog signal by the 

15 D/A converter 208 operating at 125 MHz. The analog signal passes through the 
line interface block 210, and is placed on the corresponding twisted pair cable. 

On the receive path, the line interface block 210 receives an analog signal 
from the twisted pair cable. The received analog signal is preconditioned by the 
highpass filter 212 and the PGA 214 before being converted to a digital signal by 
20 the A/D converter 216 operating at a sampUng rate of 125 MHz. The timing of 
the A/D converter 216 is controlled by the output of the timing recovery block 
222. The resulting digital signal is properly transferred firom the analog clock 
region to the receive clock region by the A/D FIFO 218. The output of the A/D 
FIFO 218 is also used by the AGC 220 to control the operation of the PGA 214. 

25 The output of the A/D FIFO 218, along with the outputs fi-om the A/D 

FIFOs of the other three constituent transceivers are inputted to the pair- swap 
multiplexer block 224. The pair-swap multiplexer block 224 uses the 4-D pair- 
swap control signal from the receive section 204R of PCS block to sort out the 
four input signals and send the correct signals to the respective feedforward 

10 
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equalizers 26 of the demodulator 226. This pair-swapping control is needed for 
the following reason. The trellis coding methodology used for the gigabit 
transceivers (101 and 102 of FIG. 1) is based on the fact that a signal on each 
twisted pair of wire corresponds to a respective 1-D constellation, and that the 
5 signals transmitted over four twisted pairs collectively form a 4-D constellation. 
Thus, for the decoding to work, each of the four twisted pairs must be uniquely 
identified with one of the four dimensions. Any undetected swapping of the four 
pairs would result in erroneous decoding. In an alternate embodiment of the 
gigabit transceiver, the pair-swapping control is performed by the demodulator 
10 226, instead of the combination of the PCS receive section 204R and the pair- 
swap multiplexer block 224. 

The demodulator 226 includes a feed-forward equalizer (FFE) 26 for each 
constituent transceiver, coupled to a deskew memory circuit 36 and a decoder 
circuit 38, implemented in the illustrated embodiment as a treUis decoder. The 

15 deskew memory circuit 36 and the trellis decoder 38 are common to all four 
constituent transceivers. The FFE 26 receives the received signal intended for it 
from the pair-swap multiplexer block 224, The FFE 26 is suitably implemented 
to include a precursor filter 28, a programmable inverse partial response (IPR) 
filter 30, a summing device 32, and an adaptive gain stage 34. The FFE 26 is a 

20 least-mean-squares (LMS) type adaptive filter which is configured to perform 
channel equalization as will be described in greater detail below. 

The precursor filter 28 generates a precursor to the input signal 2. This 
precursor is used for timing recovery. The transfer function of the precursor 
filter 28 might be represented as -y +z-i, with y equal to 1/16 for short-cables (less 
25 than 80 meters) and 1/8 for long cables (more than 80 m). The determination of 
the length of a cable is based on the gain of the coarse PGA 14 of the 
programmable gain block 214. 

The programmable IPR filter 30 compensates the ISI (intersymbol 
interference) introduced by the partial response pulse shaping in the transmitter 

11 
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section of a remote transceiver which transmitted the analog equivalent of the 
digital signal 2. The transfer function of the IPR filter 30 may be expressed as 
l/(l+Kz-i). In the present example, K has an exemplary value of 0.484375 during 
startup, and is slowly ramped down to zero after convergence of the decision 
5 feedback equalizer included inside the treUis decoder 38. The value of K may 
also be any positive value strictly less than 1. 

The summing device 32 receives the output of the IPR filter 30 and 
subtracts therefrom adaptively derived cancellation signals received from the 
adaptive filter block, namely signals developed by the offset canceller 228, the 
10 NEXT cancellers 230, and the echo canceller 232. The offset canceller 228 is an 
adaptive filter which generates an estimate of signal offset introduced by 
component circuitry of the transceiver's analog front end, particularly offsets 
introduced by the PGA 214 and the A/D converter 216. 

The three NEXT cancellers 230 may also be described as adaptive filters 
15 and are used, in the illustrated embodiment, for modeUng the NEXT 
impairments in the received signal caused by interference generated by symbols 
sent by the three local transmitters of the other three constituent transceivers. 
These impairments are recognized as being caused by a crosstalk mechanism 
between neighboring pairs of cables, thus the term near-end crosstalk, or NEXT. 
20 Since each receiver has access to the data transmitted by the other three local 
transmitters, it is possible to approximately replicate the NEXT impairments 
through filtering. Referring to FIG. 2, the three NEXT cancellers 230 filter the 
signals sent by the PCS block to the other three local transmitters and produce 
three signals rephcating the respective NEXT impairments. By subtracting 
25 these three signals from the output of the IPR filter 30, the NEXT impairments 
are approximately cancelled. 

Due to the bi-directional nature of the channel, each local transmitter 
causes an echo impairment on the received signal of the local receiver with which 
it is paired to form a constituent transceiver. In order to remove this 

12 
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impairment, an echo canceller 232 is provided, which may also be characterized 
as an adaptive filter, and is used, in the illustrated embodiment, for modeling 
the signal impairment due to echo. The echo canceller 232 filters the signal sent 
by the PCS block to the local transmitter associated with the receiver, and 
5 produces an approximate replica of the echo impairment. By subtracting this 
replica signal from the output of the IPR filter 30, the echo impairment is 
approximately cancelled. 

The adaptive gain stage 34 receives the processed signal from the 
summing circuit 32 and fine tunes the signal path gain using a zero-forcing LMS 
10 algorithm. Since this adaptive gain stage 34 trains on the basis of error signals 
generated by the adaptive filters 228, 230 and 232, it provides a more accurate 
signal gain than the one provided by the PGA 214 in the analog section. 

The output of the adaptive gain stage 34, which is also the output of the 
FFE 26, is inputted to the deskew memory circuit 36. The deskew memory 36 is 
a four-dimensional function block, i.e., it also receives the outputs of the three 
FFEs of the other three constituent transceivers. There may be a relative skew 
in the outputs of the four FFEs, which are the four signal samples representing 
the four symbols to be decoded. This relative skew can be up to 50 nanoseconds, 
and is due to the variations in the way the copper wire pairs are twisted. In 
order to correctly decode the four symbols, the four signal samples must be 
properly aligned. The deskew memory ahgns the four signal samples received 
firom the four FFEs, then passes the deskewed four signal samples to a decoder 
circuit 38 for decoding. 

In the context of the exemplary embodiment, the data received at the local 
25 transceiver was encoded before transmission, at the remote transceiver. In the 
present case, data might be encoded using an 8-state four- dimensional trellis 
code, and the decoder 38 might therefore be implemented as a trelUs decoder. In 
the absence of intersymbol interference (ISI), a proper 8-state Viterbi decoder 
would provide optimal decoding of this code. However, in the case of Gigabit 
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Ethernet, the Category-5 twisted pair cable introduces a significant amount of 
ISI. In addition, the partial response filter of the remote transmitter on the 
other end of the communication channel also contributes some ISI. Therefore, 
the treUis decoder 38 must decode both the treUis code and the ISI. at the high 
5 rate of 125 MHz. In the illustrated embodiment of the gigabit transceiver, the 
trellis decoder 38 includes an 8-state Viterbi decoder, and uses a decision- 
feedback sequence estimation approach to deal with the ISI components. 

The 4-D output of the treUis decoder 38 is provided to the PCS receive 
section 204R. The receive section 204R of the PCS block de-scrambles and 

10 decodes the symbol stream, then passes the decoded packets and idle stream to 
the receive section 202T of the GMII block which passes them to the MAC 
module. The 4-D outputs, which are the error and tentative decision, 
respectively, are provided to the timing recovery block 222, whose output 
controls the samphng time of the A/D converter 216. One of the four components 

15 of the error and one of the four components of the tentative decision correspond 
to the receiver shown in FIG. 2, and are provided to the adaptive gain stage 34 of 
the FFE 26 to adjust the gain of the equaUzer signal path. The error component 
portion of the decoder output signal is also provided, as a control signal, to 
adaptation circuitry incorporated in each of the adaptive filters 230 and 232. 

20 Adaptation circuitry is used for the updating and training process of filter 
coefficients. 

Figure 3 is a block diagram of the trellis decoder 38 of Figure 2. The 
trellis decoder 38 includes a multiple decision feedback equafizer (MDFE) 302, a 
Viterbi decoder 304, a path metrics module 306, a path memory module 308, a 
25 select logic 310, and a decision feedback equaUzer 312. 

The Viterbi decoder 304 performs 4D slicing of the Viterbi inputs provided 
by the MDFE 302 and computes the branch metrics. Based on the branch 
metrics and the previous path metrics received from the path metrics module 
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306, the Viterbi decoder 304 extends the paths and computes the extended path 
metrics. The Viterbi decoder 304 selects the best path incoming to each of the 8 
states, updates the path memory stored in the path memory module 308 and the 
path metrics stored in the path metrics module 306. 

5 The computation of the final decision and the tentative decisions are 

performed in the path memory module 308 based on the 4D symbols stored in 
the path memory for each state. At each iteration of the Viterbi algorithm, the 
best of the 8 states, i.e., the one associated with the path having the lowest path 
metric, is selected, and the 4D symbol from the associated path stored at the last 
10 level of the path memory is selected as the final decision 40 and provided to the 
receive section of the PCS 204R (FIG. 2). Symbols at lower depth levels are 
selected as tentative decisions, which are used to feed the delay line of the DFE 
312. 

The number of the outputs Vj to be used as tentative decisions depends on 
15 the required accuracy and speed of decoding operation. A delayed version of Vof 
is provided as the 4D tentative decision 44 (FIG. 2) to the Feed-Forward 
Equalizers 26 of the 4 constituent transceivers and the timing recovery block 222 
(FIG. 2). 

Based on the symbols Vof, Vif, and V2F, the DFE 612 produces the 
20 intersymbol interference (ISI) replica associated with all previous symbols except 
the two most recent (since it was derived without using the first two taps of the 
DFE 612). The ISI rephca is fed to the MDFE 302 (this ISI replica is denoted as 
the "tail component" in FIG. 6). The MDFE 302 computes the ISI replica 
associated with all previous symbols including the two most recent symbols, 
25 subtracts it from the output 37 of the deskew memory block 36 (FIG. 2) and 
provides the resulting Viterbi inputs to the Viterbi decoder 304. 

The DFE 312 also computes an ISI replica associated with the two most 
recent symbols, based on tentative decisions Vof, Vif, and V2F. This ISI replica is 
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subtracted from a delayed version of the output 37 of the de-skew memory block 
36 to provide the soft decision 43. The tentative decision Vof is subtracted from 
the soft decision 43 to provide the error 42. There 3 different versions of the 
error 42, which are 42enc, 42ph and 42dfe. The error 42enc is provided to the 
echo cancellers and NEXT cancellers of the constituent transceivers. The error 
42ph is provided to the FFEs 26 (FIG. 2) of the 4 constituent transceivers and 
the timing recovery block 222. The error 42dfe is used for the adaptation of the 
coefficients of the DFE 312. The tentative decision 44 shown in Figure 3 is a 
delayed version of Vof. The soft decision 43 is only used for display purposes. 

For the exemplary gigabit transceiver system 200 described above and 
shown in FIG. 2, there are design considerations regarding the allocation of 
boundaries of the clock domains. These design considerations are dependent on 
the clocking relationship between transmitters and receivers in a gigabit 
transceiver. Therefore, this clocking relationship wUl be discussed first. 

During a bidirectional communication between two gigabit transceivers 
101, 102 (FIG. 1), through a process called "auto-negotiation", one of the gigabit 
transceivers assumes the role of the master while the other assumes the role of 
the slave. When a gigabit transceiver assumes one of the two roles with respect 
to the remote gigabit transceiver, each of its constituent transceivers assumes 
the same role with respect to the corresponding one of the remote constituent 
transceivers. Each constituent transceiver 108 is constructed such that it can be 
dynamically configxired to act as either the master or the slave with respect to a 
remote constituent transceiver 108 during a bidirectional communication. The 
clocking relationship between the transmitter and receiver inside the constituent 
transceiver 108 depends on the role of the constituent transceiver (i.e., master or 
slave) and is different for each of the two cases. 

FIG. 4 iUustrates the general clocking relationship on the conceptual level 
between the transmitter and the receiver of the gigabit Ethernet transceiver (101 
or 102) of FIG. 1. For this conceptual FIG. 4, the transmitter TX represents the 
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four constituent transmitters and the receiver RX represents the four constituent 
receivers. 

Referring to FIG. 4, the gigabit transceiver 401 acts as the master while 
the gigabit transceiver 402 acts as the slave. The master 401 includes a 
5 transmitter 410 and a receiver 412. The slave 402 includes a transmitter 420 
and a receiver 422. The transceiver 401 (respectively, 402) receives from the 
GMII 202T (FIG. 2) the data to be transmitted TXD via its input 413 
(respectively, 423), and the GMII transmit clock GTX_CLK (this clock is also 
called "gigabit transmit clock" in the IEEE 802. Sab standard) via its input 415 

10 (respectively, 425). The transceiver 401 (respectively, 402) sends to the GMII 
202R (FIG.2) the received data RXD via its output 417 (respectively, 427), and 
the GMII receive clock RX„CLK (this clock is also called "gigabit receive clock" in 
the IEEE 802.3ab standard) via its output 419 (respectively, 429). It is noted 
that the clocks GTX„CLK and RX_CLK may be different from the transmit clock 

15 TCLK and receive clock RCLK, respectively, of a gigabit transceiver. 

The receiver 422 of the slave 402 synchronizes its receive clock to the 
transmit clock of the transmitter 410 of the master 401 in order to properly 
receive the data transmitted by the transmitter 410. The transmit clock of the 
transmitter 420 of the slave 402 is essentially the same as the receive clock of 
20 the receiver 422, thus it is also synchronized to the transmit clock of the 
transmitter 410 of the master 401, 

The receiver 412 of the master 401 is synchronized to the transmit clock of 
the transmitter 420 of the slave 402 in order to properly receive data sent by the 
transmitter 420. Because of the synchronization of the receive and transmit 
25 clocks of the slave 402 to the transmit clock of transmitter 410 of the master 401, 
the receive clock of the receiver 412 is synchronized to the transmit clock of the 
transmitter 410 with a phase delay (due to the twisted pairs of cables). Thus, in 
the absence of jitter, after synchronization, the receive clock of receiver 412 
tracks the transmit clock of transmitter 410 with a phase delay. In other words, 
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in principle, the receive clock of receiver 412 has the same frequency as the 
transmit clock of transmitter 410, but with a fixed phase delay. 

However, in the presence of jitter or a change in the cable response, these 
two clocks may have different instantaneous frequencies (frequency is derivative 
5 of phase with respect to time). This is due to the fact that, at the master 401, the 
receiver 412 needs to dynamically change the relative phase of its receive clock 
with respect to the transmit clock of transmitter 410 in order to track jitter in 
the incoming signal from the transmitter 420 or to compensate for the change in 
cable response. Thus, in practice, the transmit and receive clocks of the master 

10 401 may be actually independent. At the master, this independence creates an 
asynchronous boundary between the transmit clock domain and the receive clock 
domain. By "transmit clock domain", it is meant the region where circuit blocks 
are operated in accordance with transitions in the transmit clock signal TCLK. 
By "receive clock domain", it is meant the region where circuit blocks are 

15 operated in accordance with transitions in the receive clock signal* RCLK In 
order to avoid any loss of data when data cross the asynchronous boundary 
between the transmit clock domain and the receive clock domain inside the 
master 401, FIFOs are used at this asynchronous boundary. For the exemplary 
structure of the gigabit transceiver shown in FIG. 2, FIFOs 234 (FIG. 2) are 

20 placed at this asynchronous boundary. Since a constituent transceiver 108 (FIG. 
1) is constructed such that it can be configured as a master or a slave, the FIFOs 
234 (FIG. 2) are also included in the slave 402 (FIG. 4). 

At the slave 402, the transmit clock TCLK of transmitter 420 is phase 
locked to the receive clock RCLK of receiver 422. Thus, TCLK may be different 
25 from GTX_CLK, a FIFO 430 is needed for proper transfer of data TXD from the 
MAC (not shown) to the transmitter 420. The depth of the FIFO 430 must be 
sufficient to absorb any loss during the length of a data packet. The multiplexer 
432 allows to use either the GTX_CLK or the receive clock RCLK of receiver 422 
as the signal RX_CLK 429. When the GTX.CLK is used as the RX_CLK 429, the 
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FIFO 434 is needed to ensure proper transfer of data RXD 427 from the receiver 
422 to the MAC. 

For the conceptual block diagram of FIG. 4, there are one transmit clock 
TCLK and one receive clock RCLK for a gigabit transceiver. The transmit clock 
5 TCLK is common to all four constituent transceivers since data transmitted 
simultaneously on all four twisted pairs of cable correspond to 4D symbols. Since 
data received from the four twisted pairs of cable are to be decoded 
simultaneously into 4D symbols, it is an efficient design to have all the digital 
processing blocks clocked by one clock signal RCLK. However, due the different 
10 cable responses of the four twisted pairs of cable, the A/D converter 216 (FIG. 2) 
of each of the four constituent transceivers requires a distinct sampling clock 
signal. Thus, in addition to the signals TCLK and RCLK, the gigabit transceiver 
system 200 requires four sampUng clock signals. 

There is an alternative structure for the gigabit transceiver where the 
15 partition of clock domains is different than the one shown in FIG. 2. This 
alternative structure (not shown explicitly) is similar to the one shown in FIG. 2 
and only differs in that its transmit clock domain includes both the transmit 
clock domain and the receive clock domain of FIG. 2, and that the FIFO block 
234 is not needed. In other words, in this alternative structure, the receive clock 
20 RCLK is the same as the transmit clock TCLK, and the transmit clock TCLK is 
used to clock both the transmitter and most of the receiver. The advantage of 
this alternative structure is that there is no asynchronous boundary between the 
transmit region and most of the receive region, thus allowing the echo canceller 
232 and NEXT cancellers 230 to work with only one clock signal. The 
25 disadvantage of this alternative structure is that there is a potential for a 
performance penalty at the master when the constituent transceivers are 
tracking jitter. As a result of tracking jitter, the relative phase of a sampling 
clock signal with respect to the transmit clock TCLK may vary dynamically. 
This could cause the A/D converter to sample at noisy instants where transistors 
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in circuit blocks operating according to the clock signal TCLK are switching. 
Thus, the alternative structxire is not as good as the structure shown in FIG. 2, 
with respect to the switching noise problem. 

The exemplary gigabit transceiver system 200 previously described and 
5 shown in FIGS. 2 and 3 also includes a PHY Control module which provides 
control signals to the blocks shown in FIG.2, including the timing recovery block 
222, to control their functions. The PHY Control module will be described after 
the description of the timing recovery block 222. 

FIG. 5 is a simplified block diagram of an embodiment of the timing 
10 recovery system constructed according to the present invention and applied to 
the gigabit transceiver architecture of FIG. 2. The timing recovery system 222 
(FIGS. 2 and 6) generates the different clock signals for the exemplary gigabit 
transceiver shown in FIG. 2, namely, the sampling clock signals ACLKO, ACLKl, 
ACLK2, ACLK3, the receive clock signal RCLK, and the transmit clock signal 
15 TCLK. 

The timing recovery system 222 includes a set of phase detectors 502, 512, 
522, 532, a set of loop filters 506, 516, 526, 536, a set of numerically controlled 
oscillators (NCO) 508, 518, 528, 538 and a set of phase selectors 510, 520, 530, 
540, 550, 560. The adders 504, 514, 524, 534 are shown for, conceptual 

20 illustration purpose only. In practice, these adders are implemented within the 
respective phase detectors 502, 512, 522, 532. The RCLK Offset is used to adjust 
the phase of the receive clock signal RCLK in order to reduce the effects of 
switching noise on the sampUng operations of the corresponding A/D converters 
216 (FIG. 2). Three of the four signals ACLKO Offset, ACLKl Offset, ACLK2 

25 Offset, ACLK3 Offset are used to slightly adjust the phases of the respective 
sampling clocks ACLKO through ACLK4 in order to further reduce these effects 
of switching noise. The phase adjustments of the receive clock RCLK and the 
sampling clocks ACLKO - 3 are not a necessary function of the timing recovery 
system 222. However, the method and system for generating these phase 
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adjustment signals constitute another novel aspect of the present invention and 
will be described in detail later. 

Each of the phase detectors 502. 512, 522, 532 receives the corresponding 
ID component of the 4D sheer error 42 (FIGS. 2 and 3) and the corresponding ID 
5 component of the 4D tentative decision 44 (FIGS. 2 and 3) from the decoder 38 
(FIG. 2) to generate a corresponding phase error. The phase errors 0 through 3 
are inputted to the loop filters 506, 516, 526, 536, respectively. The loop filters 
506, 516, 526, 536 generate and output filtered phase errors to the NCOs 508, 
518, 528, 538. The loop filters 506, 516, 526, 536 can be of any order. In one 

10 embodiment, the loop filters are of second order. The NCOs 508, 518, 528, 538 
generate phase control signals from the filtered phase errors. The phase 
selectors 510, 520, 530, 540 receive corresponding phase control signals from the 
NCOs 508, 518, 528. 538, respectively. Each of the phase selectors 510, 520, 530, 
540 selects one out of several phases of the multi-phase signal 570 based on the 

15 value of the corresponding phase control signal, and outputs the corresponding 
sampling clock signal. In one embodiment of the invention, the multi-phase 
signal has 64 phases. 

The multi-phase signal 570 is generated by a clock generator 580. In the 
exemplary embodiment illustrated in FIG. 5, the clock generator 580 includes a 
20 crystal oscillator 582, a firequency multipher 584 and an 8-phase ring oscillator 
586. The crystal oscillator 582 produces a 25 MHz clock signal. The frequency 
multipher 584 multipfies the frequency of the 25 MHz clock signal by 40 and 
produces a 1 GHz clock signal. From the 1 GHz clock signal, the 8-phase ring 
oscillator 586 produces the 8 GHz 64-phase signal 570. 

25 The receive clock signal RCLK, which is used to clock all the circuit blocks 

in the receive clock domain (which include all the digital signal processing circuit 
blocks in FIG. 2), can be generated independently of the sampling clock signals 
ACLKO through ACLK3. However, for design efficiency, RCLK is chosen to be 
related to one of the sampling clock signals ACLKO through ACLK3. For the 
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exemplary embodiment illustrated in FIG. 5, the receive clock signal RCLK is 
related to the sampling clock signal ACLKO. The receive clock signal RCLK is 
generated by inputting the sum of the phase control signal outputted from the 
NCO 508 and the RCLK Offset via an adder 542 to the phase selector 550. 
5 Based on this sum, the phase selector 550 selects one of the 64 phases of the 
multi-phase signal 570 and outputs the receive clock signal RCLK. Thus, when 
the RCLK Offset is zero, the receive clock signal RCLK is the same as the 
sampling clock ACLKO. 

As discussed previously in relation to FIG. 4, when the constituent 
10 transceiver is configured as the master, its transmit clock TCLK is practically 
independent of its receive clock RCLK. In FIG. 5, when the constituent 
transceiver is the master, the transmit clock signal TCLK is generated by 
inputting the signal TCLK Offset, generated by the PHY Control system of the 
gigabit transceiver, to the phase selector 560. Based on the TCLK Offset, the 
15 phase selector 560 selects one of the 64 phases of the multi-phase signal 570 and 
produces the transmit clock signal TCLK. When the constituent transceiver is 
the slave, the transmit clock signal TCLK is generated by inputting the sum of 
the output of the NCO 508 and the signal TCLK Offset, via the adder 542, to the 
phase selector 560. Based on this sum, the phase selector 560 selects one of the 
20 64 phases of the multi-phase signal 570 and produces the transmit clock signal 
TCLK. Thus, at the slave, the transmit clock signal TCLK and the receive clock 
signal RCLK are phase-locked (as discussed previously in relation to FIG. 4). In 
one embodiment of the present invention, the TCLK Offset is set equal to zero. 

It is important to note that, referring to FIG. 5, the function performed by 
25 the combination of an NCO (508, 518, 528, 538) followed by a phase selector (610, 
620, 630, 640, 650, 660) can be implemented by analog circuitry. The analog 
circuitry can be described as follows. Each of the filtered phase errors outputted 
from the loop filters (506, 516, 526, 536) would be inputted to a D/A converter to 
be converted to analog form. Each of the analog filtered phase errors would then 
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be inputted to a voltage-controlled oscillator (VCO). The VCOs would produce 
the clock signals. The VCOs can be implemented with well-known analog 
techniques such as those using varactor diodes. 

FIG. 6 is a block diagram illustrating a detailed implementation of the 
5 phase detectors 502, 512, 522, 532, the loop filters 506. 516, 526, 536, and the 
NCOs 508, 518, 528, 538 of FIG. 5. 

It is important to note that the 4D path connecting the phase detectors 
502, 512, 522, 532, the loop filters 506, 516, 526, 536. the NCOs 508, 518. 528, 
538 and the phase selectors 510, 520, 530. 540 (FIG. 5) can be thought of as the 

10 4D forward path of a phase locked loop whose 4D feedback path goes from, 
referring now to FIG. 2, the A/D converters 216 to the demodulator 226 then 
back to the timing recovery 222. The input to this phase locked loop is actually 
phase information embedded in the sheer error 42 and tentative decision 44, and 
the phase locked loop output is the phases of the sampling clock signals. This 

15 phase locked loop is digital but can be approximated by a continuous-time phase 
locked loop for practical design analysis purpose, as long as the sampling rate is 
much larger than the bandwidth of the loop. The theoretical transfer function of 
a continuous-time second-order phase locked loop is: 



where is the gain of the voltage-controlled oscillator, is the gain of the 
phase detector, K^^^K^- and is the gain of the integrator inside the loop 
filter. For the digital phase locked loop of the present invention, the gain 
25 parameters and can be computed from the word lengths and scale factors 



20 where the transfer function of the loop filter is: 
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used in implementing the NCO and the integrator of the loop filter. However, 
the gain of the phase detector is more conveniently computed by simulation. 

The gain parameters are used for the design and analysis of the digital phase 
locked loop. 

5 FIG. 6 shows a phase detector 610, a first filter 630. a second filter 650, an 

adder 660 and an NCO 670. The phase detector 610 is an exemplary 
embodiment of the phase detectors 502, 512, 522, 532 of FIG. 5. The 
combination of the first filter 630, the second filter 650 and the adder 660 is an 
exemplary embodiment of the loop filters 506, 516, 526, 536 of FIG. 5. The NCO 
10 670 is an exemplary embodiment of the NCOs 508, 518, 528, 538 of FIG. 5. 

In FIGS. 6 through 8, the numbers in the form "Sn.k" indicate the format 
of the data, where S denotes a signed number, "n" denotes the total number of 
bits and "k" denotes the number of bits after the decimal point. 

The phase detector 610 includes a lattice structure having two delay 
15 elements 612, 618, two multiphers 614. 620 and an adder 622. The phase 
detector 610 receives as inputs the corresponding ID component of the 4D sheer 
error 42 (FIGS. 2 and 3) and the corresponding ID component of the 4D tentative 
decision 44 (FIGS. 2 and 3) from the treUis decoder 38 (FIGS. 2 and 3). For 
simplicity, in FIG. 6. these two ID components are labeled as 42A and 44A, 
20 respectively. It is understood that, for the phase detector of each of the four 
constituent transceivers of the gigabit transceiver, a distinct ID component of 
the slicer error 42 and a distinct ID component of the tentative decision 44 are 
used as inputs. On the upper branch of the lattice structure, the sheer error 42 
is delayed by one unit of time (here, one symbol period) via the delay element 
25 612. then multipUed by the tentative decision 44A to produce a pre-cursor phase 
error 615. The pre-cursor phase error 615, when accumulated over time, 
represents the correlation between a past sheer error and a present tentative 
decision, thus indicates the samphng phase error with respect to the zero- 
crossing point at the start of the signal pulse (this zero-crossing point is part of 
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the pre-cursor introduced by design to the signal pulse by the precursor filter 28 
of the FFE 26 in FIG. 2). On the lower branch of the lattice structure, the 
tentative decision 44A is delayed by one unit of time via the delay element 618, 
then multiplied by the sheer error 42A to produce a post-cursor phase error 621. 
5 The post-cursor phase error 621, when accumulated over time, represents the 
correlation between a present slicer error and a past tentative decision, thus 
indicates the sampUng phase error with respect to the level-crossing point in the 
tail end of the signal pulse. In one embodiment, this level-crossing point is 
determined by the first tap coefficient of the DFE 312 of FIG. 3. At the zero- 

10 crossing point at the start of the signal pulse, the slope of the signal pulse is 
positive, while at the level-crossing point at the tail end of the signal pulse, the 
slope of the signal pulse is negative. Thus, the pre-cursor phase error 615 and 
the post-cursor phase error 621 must be combined with opposite signs in the 
adder 622. The combination of the pre-cursor 615 and post-cursor phase errors 

15 621 produces the phase error associated with one of the sampling clock signals 
ACLKO - ACLK3. This is the phase error indicated as one of the phase errors 0 
through 3 in FIG. 5. 

The phase offset 602 is one of the samphng clock offset signals ACLKO 
Offset through ACLK3 Offset in FIG. 5. The phase offset 602, when needed, is 

20 generated by the PHY Control system of the gigabit transceiver. The phase 
offset 602 is delayed by one unit of time then is added to the combination of the 
pre-cursor error 615 and post-cursor 621 via the adder 622 to produce an 
adjusted phase error. The adjusted phase error 623 is stored in the delay 
element 624 and outputted to the first filter 630 at the next clock transition. The 

25 delay element 624 is used to prevent the propagation delay of the adder 622 from 
concatenating with the propagation delay of the adder 632 in the first filter 630. 

The first filter 630, termed "phase accumulator", accumulates the phase 
error 625 outputted by the phase detector 610 over a period of time then outputs 
the accumulated result at the end of the period of time. In the exemplary 
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embodiment shown in FIG. 6, this period of time is 16 symbol periods. The first 
filter 630 is an "accumulate-and-dump" filter which includes the adder 632, a 
delay element (i.e., register) 634. and a 16-units-of-time register 636. The 
register 626 outputs a lowpass filtered phase error 627 at the rate of one per 
5 period of the TRSAMPO 604 clock, that is, one every 16 symbol periods. When 
the register 626 outputs the lowpass filtered phase error 627, the register 634 is 
cleared and the accumulation of phase error 625 restarts. It is noted that, 
downstream firom the register 626, circuits are clocked at one sixteenth of the 
symbol rate. 

10 The filtered phase error 637 is inputted to a multipUer 640 where it is 

multiplied by a factor different than 1 when it is desired that the bandwidth of 
the phase locked loop be different than its normal value (which is determined by 
the design of the filter). In the exemplary embodiment depicted in FIG. 6, 
filtered phase error 637 is multiphed by the value 2 outputted fi-om a multiplexer 

15 642 when the select signal 606 indicates that the loop filter bandwidth must be 
larger than normal value. This occurs, for example, during startup of the gigabit 
transceiver. Similarly, although not shown in FIG. 6, when it is desired that the 
loop filter bandwidth be narrower than normal value, the filtered phase error 
637 can be multiphed by a value less than 1. 

20 The output 644 of the multiplier 640 is inputted to the second filter 650 

which is an integrator and to the adder 660. The integrator 650 is an IIR filter 
having an adder 652 and a register 654. operating at one sixteenth of the symbol 
rate. The integrator 650 integrates the signal 644 (which is essentially the 
filtered phase error 637) to produce an integrated phase error 656. The purpose 

25 of the phase locked loop is to generate a resulting phase for a sampling clock 
signal such that the phase error is equal to zero. The purpose of the integrator 
650 in the phase locked loop is to keep the phase error of the resulting phase 
equal to zero even when there is static frequency error. Without the integrator 
650, the static frequency error would result in a static phase error which would 

26 



BNSOOCID: <WO 0065772A2 I > 



wo 00/65772 



PCT/USO0/in23 



be attenuated but not made exactly zero by the phase locked loop. With the 
integrator 650 in the phase locked loop, any static phase error would be 
integrated to produce a large growing input signal to the NCO 670, which would 
cause the phase locked loop to correct the static phase error. The integrated 
5 phase error 656 is scaled by a scale factor via a multipher 658. This scale factor 
contributes to the determination of the gain of the integrator 650. The scaled 
result 659 is added to the signal 644 via an adder 660. 

The output 662 of the adder 660 is inputted to the NCO 670. The output 
662 is scaled by a scale factor, e.g., 2'^ via a multipher 672. The resulting scaled 
signal is recursively filtered by an IIR filter formed by an adder 674 and a 
register 676. The IIR filter operates at one sixteenth of the symbol rate. The 
signal 678, outputted every 16 symbol periods, is used as the phase control signal 
to one of the phase selectors 510, 520. 530, 540, 550, 560 (FIG. 5). 

For the embodiment shown in FIG. 6, the gain parameters discussed 
above are as follows. AT^, the gain of the NCO, is 2-ii for normal bandwidth 
mode, 2-10 for high bandwidth mode. A', , the gain of the integrator 650, is equal 
to the product of the scaUng of the integrator register 654 (2-fi in FIG. 6) and the 
ratio of the phase locked loop sampling rate to the symbol rate (2-4 in FIG. 6). 
For the word lengths and scaling indicated in FIG. 6, is equal to 2* 12. The 
gainA:^ of the phase detector 610 is computed by simulations and is equal to 2.2. 
These parameters are used to compute the theoretical transfer function of the 
phase locked loop (PLL) which is then compared with the PLL transfer function 
obtained by simulation. The match is near perfect, confirming the vaUdity of the 
design parameters. 

One embodiment of the system 600 of FIG.6 further includes the external 
control signals PLLFRZ, PLLPVAL, PLLPRST, PLLFVAL, PLLFRST, 
PLLPRAMP, which are not shown exphcitly in FIG. 6. 
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The control signal PLLFRZ. when applied, forces the phase error to zero at 
point 1 of the first filter 630. therefore causes fi-eezing of updates of the 
firequency change and/or phase change, except for any phase change caused by a 
non-zero value in the fi-equency register 654 of the integrator 650. 

The control signal PLLPVAL is a 3-bit signal provided by the PHY Control 
system. It is used to specify the reset value of the NCO register 676 of the NCO 
670, and is used in conjunction with the control signal PLLPRST. 

The control signal PLLPRST, when applied to the NCO register 676 in 
conjunction with the signal PLLPVAL, resets the 6 most significant bits of the 
NCO register 676 to a value specified by 8 times PLLPVAL. The reset is 
performed by stepping up or down the 6 MSB field of the NCO register 676 such 
that the specified value is reached after a minimum number of steps. Details of 
the phase reset logic block used to reset the value of the register 676 . of the NCO 
670 are shown in FIG. 7 and will be discussed later. 

15 PLLFVAL is a 3-bit signal provided by the PHY Control system. It is to be 

interpreted as a 3-bit two's complement signed integer in the range [-4,3]. It is 
used to specify the reset value of the fi-equency register 654 of the integrator 650 
and is used in conjunction with the control signal PLLFRST. 



10 



20 



The control signal PLLFRST, when applied to the firequency register 654 
of the integrator 650 in conjunction with the signal PLLFVAL, resets the 
firequency register 654 to the value 65536 times PLLFVAL. 



The control signal PLLPRAMP loads the fixed number -2048 into the 
firequency register 654 of the integrator 650. This causes the phase of a sampHng 
clock signal (and receive clock RCLK) to ramp at the fixed rate of -2 ppm. This 
25 is used during startup at the master constituent transceiver. PLLPRAMP 
overrides PLLFRST. In other words, if both PLLPRAMP and PLLFRST are both 
applied, the value loaded into the firequency register 654 is -2048, regardless of 
the value that PLLFRST tries to load. 
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FIG. 7 is a block diagram illustrating the phase reset logic block 700 to the 
NCO 670. The control signal PLLPRST is applied to the AND gate 702. The 
output of the AND gate 702 is applied to the increment/decrement enable input 
of the register 676. The 3-bit value PLLPVAL from the PHY Control System of 
5 the gigabit transceiver is shifted left by 3 bits to form a 6-bit value 704. The 
current output of the register 676 of the NCO 670 (FIG. 6), which is the phase 
control signal inputted to the corresponding phase selector (FIG. 5), is subtracted 
from this shifted value of PLLPVAL via an adder 706. Module 708 determines 
whether the output of adder 706 is non-zero. If it is non-zero, then module 708 

10 outputs a "1" to the AND gate 702 to enable the enable input of register 676. If it 
is zero, module 706 outputs a zero to the AND gate 708 to disable the enable 
input of the register 676. Module 710 determines whether the output of adder 
706 is positive or negative. If it is positive, module 710 outputs a count up 
indicator to the register 676. If it is negative, module 710 outputs a count down 

15 indicator to register 676. 

The subtraction at adder 706 finds the shortest path from the current 
value of the NCO register 676 to the shifted PPLVAL 704. For example, suppose 
the current phase value of register 676 is 20. If the shifted PPLVAL 704 (which 
is the desired value) is 32, the difference is 12, which is positive, therefore, the 

20 register 676 is incremented. If the desired phase value is 56, the difference is 36 
or "100100" which is interpreted as -28, so the register 676 will be decremented 
28 consecutive times. The phase steps occur at the rate of one every 16 symbol 
periods. This single stepping is needed because of the way the phase selector 
operates. The phase selector can only increment or decrement from its current 

25 setting. 

FIG. 8 is a block diagram of an exemplary phase shifter logic block used 
for the phase control of the receive clock signal RCLK. The phase shifter logic 
block 800 is needed when the signal RCLK Offset (FIG. 5) is used to adjust the 
phase of the receive clock signal RCLK. The signal RCLK Offset is a 6-bit signal 
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provided by the PHY Control system, and specifies the amount by which the 
phase of RCLK must shifted. Even if the signal RCLK Offset indicates a large 
amount of phase shift, this phase shift must be transferred to the input of the 
phase selector 550 (FIG. 5) one step at a time due to the way the phase selector 
operates. The change of phase of RCLK must occur in the direction indicated by 
a control signal STEPDIR generated by the PHY Control system. 

The phase shifter logic block 800 includes a comparator 802, an offset 
register 804 and the adder 542 (the same adder indicated in FIG. 5). The 
comparator 802 compares the output 806 of the offset register 804 with the 
signal RCLK Offset. If the two signals are equal, then the comparator 802 
outputs a "0" to the enable input of the offset register 804 to disable the up/down 
counting of the offset register 804, thus keeping the output 806 the same for the 
next time period. If the two signals are not equal, the comparator 802 outputs a 
"1" to the enable input of the offset register 804 to enable the up/down counting, 
15 causing the output 806 to be incremented or decremented at the next time 
period. The signal STEPDIR from the PHY Control system is inputted to the 
up/down input of the offset register 804 to control the counting direction. The 
output 806 from the offset register 804 is added to the phase control signal 509 
produced by the NCO 508 (FIG. 5) via the adder 542 to generate the phase 
20 control signal 549 (FIGS. 8 and 5) for the RCLK phase selector 550 (FIG. 5). 

The coupUng of switching noise from the digital signal processor that 
implements the transceiver functions to each of the A/D converters is an 
important problem that needs to be addressed. Switching noise occurs when 
transistors switch states in accordance with transitions in the clock signal (or 
25 signals) that controls their operation. Switching noise in the digital section of 
the transceiver can be coupled to the analog section of the transceiver. 
Switching noise can cause severe degradation to the performance of an A/D 
converter if it occurs right at or near the instant the A/D converter is sampling 
the received signal. The present invention, in addition to providing a timing 
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recovery method and system, also provides a method and system for minimizing 
the degradation of the performance of the A/D converters caused by switching 
noise. 

The effect of switching noise on an A/D converter can be reduced if the 
5 switching noise is synchronous (with a phase delay) with the sampUng clock of 
the A/D converter. If, in addition, it is possible to adjust the phase of the 
sampling clock of the A/D converter with respect to the phase of the switching 
noise, then the phase of the sampling clock of the A/D converter can be optimized 
for minimum noise. It is noted that, for a local gigabit transceiver, the sampling 

10 clock signals ACLKO, ACLKl, ACLK2, ACLK3 are synchronous to each other 
(i.e., having the same frequency) because they are synchronous to the 4 
transmitters of the remote transceiver and these 4 remote transmitters are 
clocked by a same transmit clock signal TCLK. It is also important to note that 
the local receive clock signal RCLK is synchronous to the local sampling clock 

1 5 signals ACLKO, ACLKl, ACLK2, ACLK3. 

Referring to FIGS. 2 and 5, the four A/D converters 216 of the four 
constituent transceivers are sampled with the sampling clock signals ACLKO, 
ACLKl, ACLK2, ACLK3. Each of the phases of these sampling clock signals is 
determined by the subsystem 600 (FIG. 6) of the timing recovery system 222 in 
20 response to the phase of the corresponding received signal, which depends on the 
remote transmitter and the line characteristics. Thus, the phases of the 
sampling clock signals change from line to line, and are not under the control of 
the system designer. 

However, the relative phase of the receive clock signal RCLK with respect 
25 to the sampling clock signals ACLKO, ACLKl, ACLK2, ACLK3 can be controlled 
by adjusting the signal RCLK Offset (FIG. 5). The signal RCLK Offset can be 
used to select the RCLK phase that would cause the least noise couphng to the 
A/D converters 216 of FIG. 2. The underlying principle is the following. 
Referring to FIG. 2 and the boundaries of the clock domain, the entire digital 
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signal processing, control and interface functions of the receiver operate in 
accordance with transitions in the receive clock signal RCLK. In other words, 
most of the digital logic circuits switch states on a transition of RCLK (more 
specificaUy. on a rising edge of RCLK). Only a small portion of the transceiver 
5 operates in accordance with transitions in the transmit clock signal TCLK. 
Therefore, most of the switching noise is synchronous with the receive clock 
signal RCLK. Since the receive clock signal RCLK is synchronous with the 
samphng clock signals ACLKO, ACLKl, ACLK2, ACLK3, it foUows that most of 
the switching noise is synchronous with the samphng clock signals ACLKO, 
10 ACLKl, ACLK2, ACLK3. Therefore, if the phase of the receive clock signal 
RCLK is adjusted such that a transition in the signal RCLK occurs as far as 
possible in time from each of the samphng clock signals ACLKO, ACLKl, 
ACLK2, ACLK3, then the switching noise coupUng to the A/D converters will be 
minimized. 

15 The process for adjusting the phase of the receive clock signal RCLK can 

be summarized as follows. The process performs an exhaustive search over all 
the RCLK phases that, by design, can possibly exist in one symbol period. For 
each phase, the process computes the sum of the mean squared errors (MSEs) of 
the 4 pairs (i.e., the 4 constituent transceivers). At the end of the search, the 

20 process selects the RCLK phase that minimizes the sum of the MSEs of the four 
pairs. The following is a description of one embodiment of the RCLK phase 
adjustment process, where there are 64 possible RCLK phases. 

FIG. 9 is a flowchart illustrating the process 900 for adjusting the phase of 
the receive clock signal RCLK. Upon Start (block 902), process 900 initiaUzes all 
25 the state variables (which include counters, registers), sets Offset to -32 (block 
904), sets Min.MSE equal to the MSE of the gigabit transceiver before any 
RCLK phase change, and sets BestOffset equal to zero. The MSE of the gigabit 
transceiver is the sum of the mean squared errors (MSEs) of the 4 constituent 
transceivers. The MSE of a constituent transceiver is the mean squared error of 
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the corresponding ID component of the 4D slicer error 42 (FIG. 2), and is 
outputted by a MSE computation block 1200 (FIG. 12) for every frame. Each 
frame is equal to 1024 symbol periods. This initialization is done within a 
duration of 1 frame. Process 900 then waits for the effect of the RCLK phase 
5 change on the system to settle (block 906). The duration of this waiting is 5 
frames. Process 900 then computes MSE (by summing the MSEs of all four 
constituent transceivers outputted by the corresponding MSE computation block 
1200 of FIG. 12) which corresponds to the current setting of RCLK Offset (block 
908). The duration of block 908 is one frame. In block 910, process 900 compares 

10 the new MSE with Min_MSE. If the new MSE is strictly less than Min_MSE, 
then Min-MSE is set to the value of the new MSE and BestOffset is set to the 
value of Offset. In block 912, process checks whether Offset is equal to 31, i.e., 
whether all possible 64 phase offsets have been searched. If Offset is not equal 
to 31, then process 900 increments Offset by 1 (block 914) then continues the 

15 search for the best RCLK Offset by going back to block 906. If Offset is equal to 
31, that is, if process 900 has searched all possible 64 phase offsets, then process 
900 sets Offset equal to the value of BestOffset (block 916) then terminates 
(block 918). The duration of each of blocks 914 and 916 is 1 frame. 

After adjustment of the receive clock RCLK phase, small adjustments can 
20 be made to the phases of the samphng clocks ACLKl, ACLK2, ACLK3 to further 
reduce the coupUng of switching noise to the A/D converters. Since the timing 
recovery system 222 of FIG. 5 without the ACLKO - 3 Offsets, through the phase 
locked loop principle, already sets the sampling clocks at the optimal sampling 
positions with respect to the pulse shape of incoming signals from the remote 
25 transceivers, the small phase adjustments made to the sampling clocks could 
cause some loss of performance of the A/D converters. However, the net result is 
still better than performing no phase adjustment of the sampling clocks and 
allowing the A/D converters to sample the incoming signals at a noisy instant 
where the transistors in the digital section are switching states. In the 
30 embodiment depicted in FIG. 5, phase adjustment is not made to the sampling 
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clock ACLKO because, by design of the structure of the embodiment, the phase 
difference between ACLKO and RCLK is equal to RCLK Offset. Thus, in this 
embodiment, any adjustment to the phase of ACLKO will also move RCLK away 
from the optimal position determined by process 900 above by the same amount 
5 of phase adjustment. 

FIGS. lOA, lOB, IOC illustrate three examples of distribution of the 
transitions of clock signals within a symbol period to further clarify the concept 
of phase adjustment of the clock signals. It is noted that, in these examples, the 
four sampling clock signals ACLKO - 3 are shown as occurring in their 
10 consecutive order within a symbol period for illustrative purpose only. It is 
understood that the sampling clock signals ACLKO - 3 can occur in any order, 

FIG. lOA is a first example of clock distribution where the transitions of 
the four samphng clock signals ACLKO - 3 are evenly distributed within the 
symbol period of 8 nanoseconds (ns). Thus, each ACLK clock transition is 2 ns 

15 apart from an adjacent transition of another ACLK clock. Therefore, for this 
clock distribution example, a transition of the receive clock RCLK can only be 
placed at most 1 ns away from an adjacent ACLK transition. This "distance" 
(phase delay) may not be enough to reduce the coupling of switching noise to the 
two A/D converters associated with the two adjacent sampling clock signals 

20 (ACLK3 and ACLKO, in the example). In this case, it may be desirable to 
sUghtly adjust the phase of the two adjacent sampling clock signals to move their 
respective transitions further away from a RCLK transition, as illustrated by 
their new transition occurrences within a symbol period in FIG. lOA. 

FIG. lOB is a second example of clock distribution where the transitions of 
25 the four sampling clock signals ACLKO - 3 are distributed within the symbol 
period of 8 nanoseconds (ns) such that each ACLK clock transition is 1 ns apart 
fix)m an adjacent transition of another ACLK clock. For this clock distribution 
example, a transition of the receive clock RCLK can be positioned midway 
between the last ACLK transition of one symbol period (ACLK3 in FIG. lOB) and 
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the jSrst ACLK transition of the next symbol period (ACLKO in FIG. lOB) so that 
the RCLK transition is 2.5 ns from an adjacent ACLK transition. This "distance" 
(phase delay) may be enough to reduce the coupling of switching noise to the two 
A/D converters associated with the two adjacent samphng clock signals (ACLK3 
5 and ACLKO, in the example). In this case, phase adjustment of the two adjacent 
samphng clock signals to move their respective transitions further away from a 
RCLK transition may not be needed. 

FIG. IOC is a third example of clock distribution where the transitions of 
the four samphng clock signals ACLKO - 3 occur at the same instant within the 

10 symbol period of 8 nanoseconds (ns). In this clock distribution example, a 
transition of the receive clock RCLK can be positioned at the maximiim possible 
distance of 4 ns from an adjacent ACLK transition. This is the best clock 
distribution that allows maximum reduction of couphng of switching noise to the 
four A/D converters associated with the samphng clock signals. In this case, 

15 there is no need for phase adjustment of the sampling clock signals. 

For the embodiment shown in FIG. 5 of the timing recovery system 222 
(FIG. 2), the following phase adjustment process is applied to the three sampling 
clock signals ACLKl, ACLK2, ACLK3. It is understood that, in a different 
embodiment of the timing recovery system 222 (FIG. 2) where the receive clock 
20 signal RCLK is not tied to one of the samphng clock signals ACLKO - 3, the 
following phase adjustment process can be apphed to all of the samphng clock 
signals. 

The process for adjusting the phase of a samphng clock signal ACLKx ("x" 
in ACLKx denotes one of 0,1,2,3) can be svmimarized as follows. The process 
25 performs a search over a small range of phases around the initial ACLKx phase. 
For each phase, the process logs the mean squared error MSE of the associated 
constituent transceivers. At the end of the search, the process selects the ACLKx 
phase that minimizes the MSE of the associated constituent transceiver. 
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Whenever the phase of a sampling clock signal ACLKx changes, the 
coefficients of the echo canceller 232 and of the NEXT cancellers 230 change. 
Thus, to avoid degradation of performance, the phase steps of the sampling 
clocks should be small so that the change they induce on the coefficients is also 
5 small. When the phase adjustment requires multiple consecutive phase steps, 
the convergence of the coefficients of the echo canceller 232 and of the NEXT 
cancellers 230 should be fast in order to avoid a buildup of coefficient mismatch. 

FIG. 11 is a flowchart illustrating an embodiment of the process for 
adjusting the phase of a sampling clock signal ACLKx associated with one of the 

10 constituent transceivers, where the search is over a range of 16 phases around 
the initial ACLICx phase. For each of the constituent transceivers, process 1100 
of FIG. 11 is run independently of and concurrently with the other constituent 
transceivers. Upon Start (block 1102), process 1100 initiahzes all the state 
variables (which include counters, registers), sets Offset to -8 (block 1104), sets 

15 Min_MSE equal to the MSE of the associated constituent transceiver before any 
RCLK phase change, and sets BestOffset equal to zero. The MSE of the 
associated constituent transceiver is the mean squared error of the 
corresponding ID component of the 4D slicer error 42 (FIG. 2). This 
initialization is done within a duration of 1 frame. Process 1100 then waits for 

20 the effect of the ACLK phase change on the system to settle (block 1106). The 
duration of this waiting is 32 frames, (block 1108). The duration of block 1108 is 
one frame. In block 1110, process 1100 compares the new MSE (outputted by the 
corresponding MSE computation block 1200 of FIG. 12) which corresponds to the 
current setting of ACLKx Offset with Min_MSE. If the new MSE is strictly less 

25 than Min_MSE, then Min-MSE is set to the value of the new MSE and 
BestOffset is set to the value of Offset. In block 1112. process 1100 checks 
whether Offset is equal to 7, i.e., whether all 16 phase offsets in the range have 
been searched. If Offset is not equal to 7, then process 1200 increments Offset by 
1 (block 1114) then continues the search for the best ACLKx Offset by looping 

30 back to block 1106. If Offset is equal to 7, that is, if process 1100 has searched 
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all the 16 phase offsets in the range, then process 1100 sets Offset equal to the 
value of BestOffset (block 1116) then terminates (block 1118). The duration of 
each of blocks 1114 and 1116 is 1 frame. 

FIG. 12 is a block diagram of an exemplary implementation of the MSE 
5 computation block used for computing the mean squared error of a constituent 
transceiver. In one embodiment of the gigabit transceiver, there are four MSE 
computation blocks, one for each of the four constituent transceivers. The four 
MSE computation blocks are run independently and concurrently for the four 
constituent transceivers. The MSE computation block 1200 includes a squaring 

10 module 1202 and an infinite impulse response (IIR) filter 1204. The IIR filter 
1204 includes an adder 1206, a feedback delay element 1208 and a forward delay 
element 1210. The squaring module 1202 receives the corresponding ID 
component of the 4D slicer error 42 (FIG.2), which is denoted as 42A for 
simplicity, and out puts the squared error value to the filter 1204. The filter 

15 1204 accumulates the squared error values by adding via the adder 1206 the 
current squared error value to the previous squared error value stored in the 
feedback delay element 1208. The accumulated value is stored in the forward 
register 1210. In the exemplary embodiment shown in FIG. 12, the squared 
error values are accumulated for 1024 symbol periods (which is one frame of the 

20 PHY Control system). Since the accumulation period is sufficiently long, the 
accumulated value practically corresponds to the mean squared error. At the 
end of the accumulation period, the clock signal 1220 from the PHY Control 
system clears the contents of the feedback delay element, and clocks the forward 
delay element 1210 so that the forward delay element 1210 outputs the 

25 accumulated value MSE and resets to zero. 

FIG. 13 is a high-level block diagram of the gigabit transceiver illustrating 
the interactions between the PHY Control module and other modules of the 
gigabit transceiver. The PHY Control module 1302 receives user-defined signals 
1304 from the Serial Management module 1306, the link control signal 1308 
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from the Auto Negotiation module 1310, the transmit enable signal from the 
GMII module 1314. and status signals 1318 from the Digital Signal Processing 
(DSP) module and the Physical Coding Sublayer (PCS) module. The PHY 
Control module 1302 can also receive a reset signal 1316 directly from a user to 
reset aU state machines of the PHY Control module and to reset the DSP and 
PCS modules. 

Based on the signals it receives and its internal states, the PHY Control 
module 1302 outputs control signals 1322 to the DSP and PCS modules to control 
operations of these two modules. The DSP module includes all the blocks that 
are in the Receive Clock domain as shown in FIG. 2, except the Receive PCS 
204R and the Receive GMH 202R. 

Inputs to the Serial Management module 1306 are provided by a user or 
by software, and, for simphcity of design, can be stored and read out serially as 
the user-defined signals 1304. Examples of user-defined signals are 
DiagnosticMode (to operate the gigabit transceiver in diagnostic mode), 
ForceAlternatePath (to force a state machine of the PHY Control to take an 
alternate path) and TPMENABLE (to enable Tap Power Management). 

The Link_Control_1000T signal 1308 from the Auto Negotiation module 
indicates whether a link is to be estabUshed with a remote transceiver. The 
transmit enable signal 1312 from the GMII module indicates whether 
transmission' of packets can start. 

The PHY Control module can reset the DSP and PCS modules. By reset, 
it is meant initializing everything, including clearing all registers. 

The PHY Control module controls the convergence of the Echo cancellers 
232 and NEXT cancellers 230 (FIG. 2), the DFE 312 (FIG. 3) and the Timing 
Recovery block 222 (FIG. 2), The PHY Control module also controls the ramping 
down of the parameter k of the Inverse Partial Response (IPR) filter 30 (FIG. 2) 
during the startup of the gigabit transceiver. 
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The PHY Control module controls the alignment function of the Receive 
PCS 204R. As stated previously, the PCS aligns the four signals received over 
the four pairs and deskews them before they are provided to the decoder 38 (FIG. 
2). 

5 The PHY Control module controls the operation of the Tap Power 

Management which is a sub-module of the PHY Control module. The Tap Power 
Management enables part of the Echo cancellers 232 and NEXT cancellers 230 
(FIG. 2) during the startup. After startup, the Tap Power Management activates 
or deactivates certain taps in accordance to a criterion to optimize the tradeoff 
10 between power consumption and system performance. The tap activation or 
deactivation is staggered across the four pairs to avoid large power surges. The 
Tap Power Management will be described in detail later. 

The PHY Control module optimizes the phase of the receive clock RCLK 
relative to the phases of the four sampling clocks ACLKO - ACLK3 to minimize 
15 the effect of switching noise on the four A/D converters 216 (FIG. 2). This has 
been described previously in relation to the flowchart of FIG. 9. 

The PHY Control module performs smaU adjustments to the phases of the 
four sampling clocks ACLKO - ACLK3 to further optimize the system 
performance. This has been described previously in relation to the flowchart of 
20 FIG. 11. 

The PHY Control module re-centers the A/D FIFO 218 and the FIFOs 234 
(FIG. 2) after timing acquisition and phase adjustments of the receive clock 
RCLK and samphng clocks ACLKO - ACLK3. 

The PHY Control module implements various test modes such as 
25 Diagnostic Mode, Alternate Path and Loopback. In Loopback mode, referring to 
FIG. 2, signals outputted from the Transmit PCS 204T pass through the FIFOs 
234 then loop back directly to the Receive PCS 204R without passing through 
any other block. 
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The PHY Control module monitors performance of the receiver during 
normal operation. If the receiver performance drops below a pre-specified level, 
the PHY Control module retrains the receiver, 

FIG. 14 illustrates the hierarchical structure of the PHY Control module. 
The PHY Control module includes a main state machine 1402 which controls 
operations of a set of substate machines. 

The RCLK phase adjustment substate machine outputs the control signal 
RCLK offset to the Timing Recovery block 222 (FIG. 2) to adjust the phase of the 
receive clock RCLK. The RCLK phase adjustment substate machine corresponds 
to the flowchart shown in FIG. 9 and is as described above in relation to FIG. 9. 
Each of the ACLKx (x=0,...3) phase adjustment substate machines 1406, 1408, 
1410, 1412 outputs a respective ACLKx offset to adjust the phase of the 
corresponding sampling clock ACLKx (x=0„..,3). These substate machines 
correspond to the flowchart shown in FIG. 11 and are as described above in 
relation to FIG. 11. 

The main state machine 1402 controls four pair-specific substate machines 
1414, 1416, 1418, 1420, each of which is specific to one of the four constituent 
transceivers (also called pairs) A, B, C, D. Each of these four substate machines 
outputs control signals that are specific to the corresponding constituent 
transceiver. The main state machine 1402 also outputs global control signals 
1422 to all four pairs. 

The four constituent receivers converge independently. Each one is 
controlled by a separate pair-specific substate machine (1414, 1416, 1418, 1420). 
This allows retries of the convergence of one constituent receiver in case it fails 
the first try, without having to reset the constituent receivers that succeed. 
Within each pair-specific substate machine, different substate machines are used 
for convergence of the Master Echo/NEXT cancellers, convergence of the Master 
DFE, convergence of the Slave Echo/NEXT cancellers, convergence of the Slave 
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DFE. These substate machines are described below in relation to FIGS. 18 
through 21. 

Except for the Tap Power Management which runs at the sampling clock 
rate of fs = 125 MHz, most parts of the PHY Control module can run at much 
5 lower clock rates to reduce power dissipation in the PHY Control module. For 
example, most of the PHY Control module can run at the dock rate of fs/1024, 
i.e., 122 kHz. The clock rate for RCLK offset is f^l6. The clock rate for the 
control signal for AGC 220 (FIG. 2) is fyi28. The clock rate for control signal 
TRSAMPO (FIG. 6) for the phase locked loop of the Timing Recovery block is 
10 fk/16. The clock rate for the control signal which updates the Offset canceller 228 
is fs/4. 

The PHY Control module includes a mean square error (MSE) 
computation block for each constituent transceiver to compute the MSE of the 
respective constituent transceiver. This MSE computation block is as shown in 
15 FIG. 12 and described above. The MSE is compared with different thresholds to 
provide control signals EnergyDetect, MSEOKl, MSEOK2, MSE0K3 which are 
used by the main state machine and the substate machines of the PHY Control 
module. 

FIG. 15 shows the generation of the control signals EnergyDetect, 
20 MSEOKl, MSE0K2, MSE0K3, which are generated by comparing the MSE with 
thresholds Thresh.O, Thresh. 1, Thresh.2, Thresh,3, respectively. In one 
embodiment, Thresh.O is set to -20 dB. Thresh. 1 is set to -17 dB, Thresh.2 is set 
to -12 dB, and Thresh.3 is set to one of four programmable values {-22.8, -22.5, - 
22.0, -21.5} selectable by software. 

25 The control signal EnergyDetect indicates whether energy is detected from 

the remote transmitter. Detection of energy from the remote transmitter is 
required to begin convergence of the local receiver, for the following reason. The 
AGC 220 (FIG. 2) acqxiires a coarse gain during an initial period (during 
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convergence of the local receiver) and then the coarse gain is frozen. If the AGC 
220 acquired a coarse gain before the remote transmitter started, it would 
acquire an incorrect gain and would not recover. In one embodiment of the PHY 
Control module, the energy detection threshold Thresh.O is set at -20 dB. In 
5 order to prevent the energy detector 1502 from being triggered by offset, the 
energy is required to be above the threshold for a large number (for example, 32) 
of consecutive frames in all four constituent transceivers. This requirement 
allows enough time for the Offset canceller 228 (FIG. 2) to converge and the 
offset from the A/D converter 216 to be cancelled, thus prevents the energy 
10 detector 1502 from being falsely triggered by offset. It is noted that one frame is 
one period for the PHY Control module and is equal to 1024 symbol periods. 

Detector 1504 compares the MSE of a constituent transceiver with the 
threshold Thresh.l. If the MSE is below the threshold, then MSEOKi is set to 1. 
There are four MSEOKI for the four constituent transceivers. One of the 
15 conditions required to set the control signal loc_rcvr_status_OK to 1, which 
indicates that the local receiver is converged, is that MSEOKI is 1 for all four 
constituent transceivers for five consecutive frames. 

The PHY Control module sets the value of the control signal 
loc_rcvr_status_OK as follows. 

20 The control signal FineAGCOK is set to 0 if the status signal 

FAGCOVFLW received from one of the four AGC 220 (FIG. 2) indicates that the 
respective fine gain control saturates, i.e., overflows. The control signal 
FineAGCOK is set to 1 if none of the fine gain controls of the four AGC 220 
overflows. For the control signal loc_rcvr„status_OK to be set to 1, either the 

25 control signal fake_loc„rcvr_status is set to 1 (which indicates a test mode) or aU 
of the following conditions must be satisfied. The four MSEOKI must be 1 for 
five consecutive frames. The status signal ALIGN_OK must be 1, indicating that 
the PCS has completed its alignment function succesfully. The status signal 
KRDONE must be 1, indicating that the ramping down the value of parameter k 
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of the IPR filter 30 (FIG. 2) is completed. The control signal FineAGCOK must 
be 1, indicating that none of the AGC overflows. 

The control signal loc„rcvr_status_OK is set to 0 when the control signal 
fake_loc_rcvr_status is 0 and one of the following conditions is satisfied. One of 
the four MSEOKl is 0 for five consecutive frames. The status signal ALIGN^OK 
is 0, indicating that the PCS has not completed its ahgnment function. The 
status signal KRDONE is 0, indicating that the ramping down the value of 
parameter k of the IPR filter 30 (FIG. 2) is not completed. The control signal 
FineAGCOK is 0, indicating that one of the AGC overflows. 

It is noted that the control signal fake_Ioc_rcvr_status is used to force the 
control signal loc_rcvr_status_OK to be 1 even when other conditions are not 
satisfied. 

In other situations, i.e., when the conditions for the control signal 
loc_rcvr_status_OK to be set to 1 or 0 are not satisfied, the control signal 
loc_rcvr_status_OK is unchanged. 

FIGS. 16A through 16G shows the flowchart for the main state machine 
1402 (FIG. 14) when the local gigabit transceiver is assuming the Master role in 
a bi-directional communication. 

Upon receiving the control signal PHYC_RESET (block 1602), the Master 
main state machine enters state 0 (block 1604). In state 0, the Master main 
state machine resets the DSP and PCS modules (FIG. 13), and initializes the 
Offset canceller 228 (FIG. 2) and the IPR filter 30 (FIG. 2). The duration of state 
0 is greater or equal to one frame. If the control signal ForceAlternatePath 
received from the Serial Management 1306 (FIG. 13) is set to 1 then the Master 
main state machine enters state 14, i.e., block 1632. Otherwise, the 
Link_Control_1000T signal received from Auto Negotiation module 1310 (FIG. 
13) or from manual startup is checked. If the Link_Control_1000T is not equal 
to 1, indicating that there is no established link with the remote gigabit 
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transceiver, the Master main state machine stays in state 0 (block 1604). If the 
Link.ControLlOOOT is equal to 1, indicating that there is established Unk with 
the remote gigabit transceiver, the Master main state machine resets the DSP 
and PCS modules (state 1, block 1606). The Master main state machine then 
5 checks whether the resetting has been done for greater than or equal to 8 frames. 
If not, the Master main state machine stays in state 1 (block 1606). If the 
resetting has been done for at least 8 frames, the Master main state machine 
controls convergence of all cancellers by activating the 
ConvergeMasterCancellers substate machine for the 4 pairs, i.e., constituent 

10 transceivers (block 1608). If cancellers of all 4 constituent transceivers are 
converged and energy is detected from the Slave gigabit transceiver, then the 
Master main state machine enters state 3 (block 1610). Otherwise, it stays in 
state 2 (block 1608). In state 3 (block 1610), the Master main state machine 
controls convergence of the DFE 312 (FIG. 3) and the Timing Recovery 222 (FIG. 

15 2) by activating the ConvergeMasterDFE substate machine for all four pairs. If 
the DFE and Timing Recovery converge for all four pairs then the Master main 
state machine enters state 4 (block 1612). Otherwise, it stays in state 3 (block 
1610). 

In state 4 (block 1612), the Master main state machine re-centers all 
20 FIFOs by activating the RecenterMasterFifos substate machine for all four pairs. 

The Master main state machine then adjusts the phase of the receive clock 
RCLK signal by activating the substate machines AdjustReceiveClockPhase and 
MasterWaitForRCLKPhaseAdjustment (state 5, block 1614). 

The Master main state machine then adjusts the phase of the sampling 
25 clock ACLKx signals by activating the substate machines 
AdjustAnalogClockPhase and MasterWaitForACLKPhaseAdjustment (state 6, 
block 1616), 
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The Master main state machine then re-centers all the FIFOs by 
activating RecenterMasterFifos substate machine for all four pairs (state 7, block 
1618). 

The Master main state machine then controls the aUgnment function of 
5 the PCS by activating the AhgnPCS substate machine for all four pairs (state 8. 
block 1620). The ahgnment function of the PCS includes detection of a pair swap, 
skew compensation, polarity compensation, and initialization of de-scrambler (all 
bits in the de-scrambler must have correct values in order to de-scramble the 
received data). The pair swap information is preserved in order to compensate 
10 for the pair swap. Thus, when the AlignPCS substate machine is reactivated 
after the first time, no pair swap will be detected. 

If a pair swap is detected, the Master main state machine goes back to 
state 1 (block 1606). If no pair swap is detected, but PCS alignment is not 
successful, then the Master main state machine checks whether a Diagnostic 

15 mode control signal is received firom the Serial Management 1306 (FIG. 13), 
indicating that the gigabit transceiver is operating in diagnostic mode. If the 
gigabit transceiver is operating in diagnostic mode, then the Master main state 
machine stops. At this point, all contents of all registers are intact, allowing a 
user to conduct diagnostics. If the gigabit transceiver is not operating in 

20 diagnostic mode then the Master main state machine reenters state 1 (block 
1606). 

If the PCS alignment is successful and the ForceAlternatePath from the 
Serial Management is not set to 1, then the Master main state machine controls 
the ramping down of the k parameter of the IPR filter 30 (FIG. 2) in state 9 
25 (block 1622). If the ForceAlternatePath is set then the Master main state 
machine skips state 9 (i.e., block 1622). 
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If the Tap Power Management is enabled then the Master main state 
machine restarts the Tap Power Management in a staggered fashion (state 10, 
block 1624). Otherwise, the Master main state machine skips state 10. 

The Master main state machine then waits for the control signal 
5 loc_rcvr_status_OK to be set to 1 which indicates that the local receiver is 
converged (state 11, block 1626). 

If the control signal rem_rcvr_status_OK is set to 0, indicating that the 
remote receiver is not converged, then Master main state machine allows 
transmitting of idle symbols only (state 12. block 1628). 

10 If the control signal rem_rcvr_status_OK is set to 1, indicating that the 

remote receiver is converged, then Master main state machine allows 
transmitting of idle or data symbols (state 13, block 1630). 

While the Master main state machine in state 12 (block 1628), if the 
control signal rem_rcvr_status_OK is changed to 1, indicating that the remote 
15 receiver is now converged, the Master main state machine will enter state 13 
(block 1630). While the Master main state machine in state 12 (block 1628), if 
the control signal rem_rcvr_status_OK is changed to 0, indicating that the 
remote receiver is now not converged, the Master main state machine will enter 
state 12 (block 1628). 

20 While in state 12 (block 1628) or state 13 (block 1630), if the control signal 

ForceAlternatePath is set, then the Master main state machine enters state 14 
(block 1632) where it loads coefficients for the test mode. If the control signal 
HoldlnAlternate is set to 0, then the Master main state machine reenters state 8 
(block 1620). Otherwise, it stays in state 14 (block 1632). 

25 While in state 12 (block 1628) or state 13 (block 1630). if the control signal 

loc_rcvr_status_OK is 0 (indicating that the local receiver status is now not fine) 
and diagnosticMode is 0 (indicating that gigabit transceiver is not operating in 
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diagnostic mode), then the Master main state machine reenters state 1 (block 
1606). 

FIGS. 17A through 17G shows the flowchart for the main state machine 
1402 (FIG. 14) when the local gigabit transceiver is assuming the Slave role in a 
5 bi-directional communication. The flowchart is slightly different from the one in 
FIGS. 16A-16G. 

Upon receiving the control signal PHYC.RESET (block 1702), the Slave 
main state machine enters state 0 (block 1704). In state 0, the Slave main state 
machine resets the DSP and PCS modules (FIG. 13), and initiahzes the Offset 

10 canceller 228 (FIG. 2) and the IPR fUter 30 (FIG. 2). The duration of state 0 is 
greater or equal to one frame. If the control signal ForceAlternatePath received 
from the Serial Management 1306 (FIG. 13) is set to 1 then the Slave main state 
machine enters state 15, i.e., block 1734. Otherwise, the Link_Control_1000T 
signal received from Auto Negotiation module 1310 (FIG. 13) or from manual 

15 startup is checked. If the Link_Control_1000T is not equal to 1, indicating that 
there is no estabhshed link with the remote gigabit transceiver, the Slave main 
state machine stays in state 0 (block 1704). If the Link_ControL1000T is equal 
to 1, indicating that there is established link with the remote gigabit transceiver, 
the Slave main state machine resets the DSP and PCS modules (state 1, block 

20 1706). The Slave maiii state machine checks whether the resetting has been 
done for greater than or equal to 8 frames. If not, the Slave main state machine 
stays in state 1 (block 1706). If the resetting has been done for at least 8 frames, 
the Slave main state machine controls convergence of the Slave DFE and Timing 
Recovery by activating the ConvergeSlaveDFE substate machine for the 4 pairs, 

25 i.e.. 4 constituent transceivers (block 1708). If the DFE and Timing Recovery are 
converged for all 4 pairs, then the Slave main state machine enters state 3 (block 
1710). Otherwise, it stays in state 2 (block 1708). 

In state 3 (block 1710), the Slave main state machine re-centers all FIFOs 
by activating the RecenterSlaveFifos substate machine for aU four pairs. 
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In State 4 (block 1712), the Slave main state machine controls the 
alignment function of the PCS by activating the AhgnPCS substate machine for 
all four pairs (state 4, block 1712). The aUgnment function of the PCS includes 
detection of a pair swap, skew compensation, polarity compensation, and 
5 initiaUzation of de-scrambler (all bits in the de-scrambler must have correct 
values in order to de-scramble the received data). The pair swap information is 
preserved in order to compensate for the pair swap. Thus, when the AhgnPCS 
substate machine is reactivated after the first time, no pair swap will be 
detected. 

^0 If a pair swap is detected, the Slave main state machine goes back to state 

1 (block 1706). If no pair swap is detected, but PCS ahgnment is not successful, 
then the Slave main state machine checks whether the Diagnostic Mode control 
signal received from the Serial Management 1306 (FIG. 13) is set to 1, indicating 
that the gigabit transceiver is operating in diagnostic mode. If the gigabit 

15 transceiver is operating in diagnostic mode, then the Slave main state machine 
stops. At this point, all contents of all registers are intact, allowing a user to 
conduct diagnostics. If the gigabit transceiver is not operating in diagnostic mode 
then the Slave main state machine reenters state 1 (block 1706). 

If the PCS alignment is successful, then the Slave main state machine 
20 enters state 5 (block 1714). In state 5, the Slave main state machine controls 
convergence of all Echo/NEXT cancellers by activating the 
ConvergeSlaveCancellers substate machine for the 4 pairs (block 1714). If the 
cancellers of aU 4 pairs are converged, then the Slave main state machine enters 
state 6 (block 1716). Otherwise, it stays in state 5 (block 1714). 

25 In state 6 (block 1716), the Slave main state machine adjusts the phase of 

the receive clock RCLK signal by activating the substate machines 
AdjustReceiveClockPhase and Slave WaitForRCLKPhaseAdjustment. The Slave 
main state machine then enters state 7 (block 1718). 
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In state 7, block 1718, the Slave main state machine adjusts the phase of 
the sampling clock ACLKx signals by activating the substate machines 
AdjustAnalogClockPhase and Slave WaitForACLKPhaseAdjustment. 

The Slave main state machine then re-centers all the FIFOs by activating 
5 RecenterSlaveFifos substate machine for all four pairs (state 8, block 1720). 

The Slave main state machine then controls the alignment function of the 
PCS by activating the AlignPCS substate machine for aU four pairs (state 9, 
block 1722). 

If the PCS alignment is not successful, the Slave main state machine goes 
10 to state 12 (block 1728). 

If the PCS alignment is successful and the ForceAlternatePath from the 
Serial Management is not set to 1, then the Slave main state machine enters 
state 10 (block 1724). In state 10, the Slave main state machine controls the 
ramping down of the k parameter of the IPR filter 30 (FIG. 2). 

15 If the ForceAlternatePath is set to 1 and the Tap Power Management is 

enabled then the Slave main state machine skips state 10 (block 1622) and goes 
to state 11 (block 1726). If the ForceAlternatePath is set to 1 and the Tap Power 
Management is not enabled then the Slave main state machine skips states 10 
(block 1724) and state 11 (block 1726) and goes to state 12 (block 1728). 

20 From state 10 (block 1724), if the Tap Power Management is enabled then 

the Slave main state machine enters state 11 (block 1726) where it restarts the 
Tap Power Management in a staggered fashion. Otherwise, the Slave main state 
machine skips state 11 (block 1726) and enters state 12 (block 1728). 

In state 12, (block 1728), the Slave main state machine wsdts for the 
25 control signal loc_rcvr_status_OK to be set to 1 which indicates that the local 
receiver is converged. 
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If the control signal rem_rcvr_status_OK is set to 0, indicating that the 
remote receiver is not converged, then Slave main state machine allows 
transmission of idle symbols only (state 13, block 1730). 

If the control signal rem_rcvr_status_OK is set to 1, indicating that the 
5 remote receiver is converged, then Slave main state machine allows transmitting 
of idle or data symbols (state 14, block 1732). 

While the Slave main state machine in state 13 (block 1730), if the control 
signal rem_rcvr_status_OK is changed to 1, indicating that the remote receiver is 
now converged, the Slave main state machine will enter state 14 (block 1732). 
10 While the Slave main state machine in state 14 (block 1732), if the control signal 
rem_rcvr_status_OK is changed to 0, indicating that the remote receiver is now 
not converged, the Slave main state machine will enter state 13 (block 1730). 

While in state 13 (block 1730) or state 14 (block 1732), if the control signal 
Force AlternatePath is set to 1, then the Slave main state machine enters state 
15 15 (block 1734) where it loads coefficients in the test mode. If the control signal 
HoldlnAlternate is set to 0, then the Slave main state machine reenters state 9 
(block 1722). Otherwise, it stays in state 15 (block 1734). 

While in state 13 (block 1730) or state 14 (block 1732), if the control signal 
loc_rcvr_status_OK is 0 (indicating that the local receiver status is now not fine) 
20 and diagnosticMode is 0 (indicating that gigabit transceiver is not operating in 
diagnostic mode), then the Slave main state machine reenters state 1 (block 
1706). 

FIG. 18 shows a flowchart for the ConvergeMasterCancellers substate 
machine. Upon start, the ConvergeMasterCancellers substate machine resets 
25 the DSP module (block 1802). It then starts the Tap Power Management state 
machine (block 1804). Then it controls convergence of the Echo/NEXT cancellers 
(block 1806). Then it waits for detection of energy fi-om the Slave gigabit 
transceiver (block 1808). It then terminates. 
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FIGS. 19A and 19B shows a flowchart for the ConvergeSlave Cancellers 
substate machine. Upon start, the ConvergeSlaveCancellers substate machine 
starts the Tap Power Management state machine (block 1902), Then it controls 
convergence of the Echo/NEXT cancellers (block 1904). Then it controls 
5 convergence of the DFE and Timing Recovery (block 1906). 

If the MSE (FIG. 12) is less than -16 dB then the 
ConvergeSlaveCancellers substate machine refines the convergence (block 1908). 
After the convergence is refined, if the MSE stays below -16 dB then the 
ConvergeSlaveCancellers substate machine terminates, otherwise, it goes back 
10 to block 1902 to start over again. 

While in block 1906, if the MSE is not less than -16 dB and the 
convergence process has lasted 256 frames, then the ConvergeSlaveCancellers 
substate goes back to block 1902 to start over again. If the MSE is not less than 
-16 dB and the convergence process has lasted less than 256 fi:ames, then the 
15 ConvergeSlaveCancellers substate stays in block 1906 to continue the 
convergence of the DFE and Timing Recovery. 

FIGS. 20A and 20B shows a flowchart of the ConvergeMasterDFE 
substate machine. Upon start, the ConvergeMasterDFE substate machine 
converges the AGC 220 (FIG. 2) in high gear (block 2002). Then it restarts the 
20 Tap Power Management state machine (block 2004). Then it converges the AGC 
in low gear (block 2006). 

Then the ConvergeMasterDFE substate machine controls convergence of 
the Echo/NEXT cancellers, the DFE and the Timing Recovery (block 2008). 

If the MSE (FIG. 12) is less than -16 dB then the ConvergeMasterDFE 
25 substate machine refines the convergence (block 2010). After the convergence is 
refined, if the MSE stays below -16 dB then the ConvergeMasterDFE substate 
machine terminates, otherwise, it goes back to block 2002 to start over again. 
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While in block 2008. if the MSE is not less than -16 dB and the 
convergence process has lasted 2047 frames, then the ConvergeMasterDFE 
substate machine goes back to block 2002 to start over again. If the MSE is not 
less than -16 dB and the convergence process has lasted less than 256 frames, 
5 then the ConvergeMasterDFE substate machine stays in block 2008 to continue 
the convergence of the Echo/NEXT cancellers, the DFE and the Timing Recovery. 

It is important to note that in block 2003, the ConvergeMasterDFE 
substate machine tries to converge three different blocks, namely, the cancellers, 
the DFE and the Timing Recovery. It is very difficult to converge all three at the 

10 same time. The DFE and the Timing Recovery are both decision-directed, i.e., 
directed by the decisions from the decoder 38 (FIG. 2). In addition, the cancellers 
cannot be decoupled from the DFE and the Timing Recovery because, at the 
Master, the TCLK signal and the RCLK signals are not in phase lock. Thus, 
even if the cancellers are converged first, their coefficients will change 

15 significantly when the convergence of the DFE and the Timing Recovery starts. 

The solution to this problem is an important feature of the 
ConvergeMasterDFE substate machine. In block 2008, the Timing Recovery is 
decoupled from the cancellers and the DFE to facilitate the convergence of these 
two blocks. This is done as follows. The cancellers and the DFE are allowed to 

20 converge normally while the phase output of Timing Recovery is ramped up 
Unearly and very slowly (about 2 ppm). In block 2008, the Timing Recovery is 
running in open loop mode. Because the Timing Recovery phase output is 
changing very slowly and Unearly, the cancellers can converge and reconverge 
easily. . The DFE only converges at the correct phase. Ne£ir the correct phase, 

25 the signal-to-noise ratio qviickly improves. Near the correct phase, the MSE will 
be less than -16 dB. After the cancellers and the DFE converge, in block 2010, 
the ConvergeMasterDFE substate machine refines the convergence by allowing 
the cancellers, the DFE and the Timing Recovery to converge normally. In block 
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2010, the Timing Recovery is operated in closed loop mode. This novel feature 
can be used for any transceiver. 

FIGS. 21A and 21B shows a flowchart of the ConvergeSlaveDFE substate 
machine. Upon start, the ConvergeSlaveDFE substate machine converges the 
5 AGC 220 (FIG. 2) in high gear (block 2102). Then it converges the AGO in low 
gear (block 2104). 

Then the ConvergeSlaveDFE substate machine controls convergence of 
the DFE and the Timing Recovery (block 2106). 

If the MSE (FIG. 12) is less than -16 dB then the 
10 ConvergeSlaveCancellers substate machine refines the convergence (block 2108). 
After the convergence is refined, if the MSE stays below -16 dB then the 
ConvergeSlaveCancellers substate machine terminates, otherwise, it goes back 
to block 2102 to start over again. 

While in block 2106, if the MSE is not less than -16 dB and the 
15 convergence process has lasted 512 frames, then the ConvergeSlaveCancellers 
substate goes back to block 2102 to start over again. If the MSE is not less than 
-16 dB and the convergence process has lasted less than 256 frames, then the 
ConvergeSlaveCancellers substate stays in block 2106 to continue the 
convergence of the Echo/NEXT cancellers, the DFE and the Timing Recovery. 

20 FIG. 22 shows a flowchart of the AHgnPCS substate machine. Upon start, 

the AlignPCS substate machine controls the ahgnment function of the PCS 
(block 2202). 

If the ahgnment is good, the AhgnPCS substate machine waits for the 
receiver to settle (block 2204). The reason for the waiting is that any ahgnment 
25 will cause a sudden change in the signal path, thus will cause a delay error. The 
waiting is for this burst of delay error to flush out. After the waiting period, the 
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AlignPCS substate machine declares that the PCS aUgnment has succeeded 
(block 2206) then terminates. 

If the aUgnment is not good and the alignment has lasted the allotted 
time, e.g., 64 frames, then the AlignPCS substate machine declares that the PCS 
5 ahgnment has failed (block 2208) then terminates. 

FIG. 23 shows a flowchart of the main state machine when operating in 
the Loopback test mode. Upon receiving the Loopback control signal (from Serial 
Management 1306, FIG. 13), the Loopback main state machine resets the DSP 
and the PCS modules (block 2302). Then it resets the DSP and PCS again (block 
10 2304). Then it controls alignment function of the PCS O^lock 2306). If the 
alignment is not good, the Loopback main state machine goes back to block 2302 
to start over again. If the alignment is good, the Loopback main state machine 
controls the sending of idle or data symbols in loopback mode (block 2308). 

FIG. 24 shows a flowchart of the RecenterMasterFifos and the 
15 RecenterSlaveFifos substate machines. Upon start, the substate machine re- 
centers the FIFOs (block 2402). Each FIFO has a read pointer and a write 
pointer. Each FIFO is re-centered by setting the 2 pointers such that the margin 
before overflow or underflow conditions is maximized. The substate machine 
then waits for the receiver to settle (block 2404), that is, until the burst of delay 
20 error caused by the recentering of the FIFOs decreases.. During this waiting, 
the DFE and Timing Recovery are frozen. The substate machine then 
terminates. 

FIG. 25 shows a flowchart of the Tap Power Management state machine 
(TPM) 2500. Before the start of the TPM 2500, no tap coefficient is active. Upon 
25 start (block 2502), process 2500 initializes a threshold to a value (block 2504). 
This initial value of the threshold can result from a simvdation test, or can be 
equal to the minimum absolute value of a tap coefficient (as known from past 
experiments). This value is not critical as long as it is sufficiently low to avoid a 
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large degradation of the system performance. The TPM then initialize activation 
state variables (block 2505). The taps in a first block are activated (block 2506). 
The size of this first block, i.e.. the number of taps in the first block, depends on 
the application. In one application, this number is 120. The coefficients of the 
5 active taps are trained with the LMS algorithm until convergence (block 2508). 

The TPM initiahzes the deactivation state variables (block 2510). The 
absolute values of the active tap coefficients are compared with the threshold. 
The taps whose absolute values are less than the threshold are deactivated 
(block 2512). The TPM initiahzes the MSE and power metric computation (block 

10 2513) then computes the MSE and power metric (block 2514). The TPM 2500 
checks whether a first test is satisfied (block 2516). In the one embodiment of 
the invention, this first test is satisfied when the error metric is greater than the 
specified error and the power metric is smaller than the specified maximum 
power. If the error metric is greater than the specified error, this implies that 

15 the threshold has been set too high, causing too many taps to be deactivated, and 
this has degraded the system performance by more than the specified amount. If 
the first test is satisfied, then the TPM decreases the threshold (block 2518), 
initiahzes the activation state variables (block 2505) and activates all the taps in 
the block being considered again (block 2506) and proceeds with a lower 

20 threshold. Otherwise, the TPM determines whether all the taps of the filter 
have been considered (block 2520). If not, then the next block of taps is 
considered, and this new block of taps is activated (block 2506). A typical size of 
this next block of taps is 20. All of the active tap coefficients, including the new 
activated tap coefficients, are converged with an LMS algorithm (block 2508) and 

25 TPM proceeds as described above. 
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If all of the taps have been considered, then the TPM 2500 checks whether 
a second test is satisfied (block 2524). In one embodiment of the invention, the 
second test is satisfied when the error metric is smaller than the specified error 
or the power metric is larger than the specified power. If the error metric is 
5 smaller than the specified error, this impUes that it is possible to increase the 
threshold to deactivate more taps and still meet the system performance 
requirement. If the power metric is greater than the specified power, then the 
threshold must be increased to lower the power consumption, regardless of the 
system performance requirement. If the second test is satisfied, then the 

10 threshold is increased (block 2526) and the TPM 2500 initializes the deactivation 
state variables (block 2510). Otherwise, the TPM 2500 initializes the power down 
state variables (block 2526), then activates the PowerDownTaps substate 
machine which turns off the power on the taps that are subsequent to the tap 
which has the last highest ordered active coefficient (block 2528). In other 

15 words, if Ck is the last highest ordered active coefficient, then all the taps that 
have the deactivated coefficients Ck+i through Cn-i are powered down. More 
details on the PowerDownTaps substate machine in block 2528 are provided 
below. The TPM 2500 then terminates (block 2530), 

When the TPM 2500 is restarted (block 2532), a block of taps is activated 
20 (block 2506). Upon restart of the TPM 2500. the threshold is at its last value 
firom the last activation of the TPM 2500. The coefficients that were previously 
deactivated are activated with their values remaining at their last values before 
deactivation. Then the TPM 2500 proceeds to block 2505 as described above. 

Periodic restart of the TPM 2500 is desirable for the following reason. In 

25 some cases, the echo/NEXT path impulse response may change during normal 

operation. For example, this change may be a result of temperature changes. To 
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correct for this change, the TPM 2500 periodically restarts to turn on the 
deactivated coefficients in a sequential manner (block 2506), re-converges the 
coefficients (block 2508), and determines whether the previously deactivated 
coefficients are still below the threshold (block 2510). If the previously 
5 deactivated coefficients are now converged to values above the threshold, they 
remain active, otherwise they are deactivated (block 2512). Any of the initially 
active coefficients that now fall below the threshold are also deactivated (block 
2512). 

The underlying reason for activating the taps a few at a time (block 2506 
through 2520) is the following. When the total number of taps is very large, the 
power consumption can be very large during the initial convergence transient. 
This peak power consumption is very undesirable, and is unaffected by the tap 
power regulation process (which can only reduce the average power consumption 
of the filters). One solution to this peak power consumption problem is to 
activate and converge the taps in an initial small block of taps (blocks 2506, 
2508), deactivate some of the converged taps according to a criterion (block 2510 
through block 2520), activate a next block of taps (block 2506), converge all the 
active taps including the newly activated taps (block 2508), and repeat the 
process of deactivation, activation and convergence until all the taps of the filter 
are processed. 

The PowerDownTaps substate machine used in block 2528 helps further 
reduce the power consumption of the adaptive filters. Without block 2528, 
although the TPM 2500 already achieves a large reduction of the power 
consumption by reducing the number of active taps, there is still a significant 
25 amount of power dissipated by the long delay hne of the adaptive filter. By delay 
line, it is meant the line connecting the delay elements together. Turning a tap 
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off does not necessarily affect the configuration of the delay line. However, in 
many practical cases, many of the deactivated taps are located contiguously at 
the highest-ordered end of the filter. An example of such a case is when the 
cable is short and well behaved. In such cases, the portion of the delay line 
5 associated with these contiguously deactivated taps can be completely powered 
down without affecting the transfer function of the filter. This powering down 
contributes an additional reduction of power dissipation of the filter. In one 
exemplary application, this additional reduction of power dissipation is 
approximately 150 miUiWatts (mW) per echo canceller and 20 mW per NEXT 
10 canceller, resulting in a power saving of 440 mW for the gigabit transceiver. 

An exemplary implementation of block 2528 is as follows. An additional 
bit, called the delay hne enable bit, is associated with each tap of a filter. This 
bit is initially ON. When the TPM 2500 reaches block 2528, all of the taps are 
scanned for active status starting from the highest-ordered end of the filter, i.e., 

15 the tap including the coefficient Cn-i, towards the lowest-ordered end, i.e., the 
tap including the coefficient Co. During scanning, the delay Une enable bits of 
the scanned inactive taps are switched OFF until the first highest-ordered active 
tap is found. At this point, the scanning for tap active status terminates. Then 
all the delay line sections corresponding to the taps whose delay hne enable bits 

20 are OFF are powered down. 

The ActivateTaps substate machine used in block 2506 of FIG. 25 is 
applied sequentially to the echo canceller 232 and the 3 NEXT cancellers 230 (of 
FIG, 2). FIG. 26 illustrates the flowchart of the ActivateTaps substate machine. 

Referring to FIG. 26, upon start, the ActivateTaps substate machine sets 
25 the filter number to zero (block 2604) to operate on the echo canceller. The filter 
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number zero represents the echo canceller, while filter numbers 1 through 3 
represent the 3 NEXT cancellers, respectively. The ActivateTaps substate 
machine then sets the address and the end equal to the start address and the 
end address of the block of taps, respectively (block 2606). The modules TapOn 
5 and Tap PowerUp are invoked with the address as argument (block 2608). The 
module TapOn turns on the circuitry of the tap having the specified address. 
This circuitry includes a 1-bit storage to indicate the active status of the tap. 
When the tap is turned on, the tap is included in the computation of the output 
of the filter, and in the adaptation process, i.e., the training and convergence of 

10 the filter coefficients. The module TapPowerUp turns the power on for the delay 
line section associated with the tap having the specified address. The 
ActivateTaps substate machine then determines whether the address is equal to 
the end. If it is not, then the address is increased by one (block 2612), to consider 
the next tap of the filter. If the address has reached the end address .of the block 

15 of taps, then the ActivateTaps substate machine determines whether filter 
number is equal to 3, i.e., whether all the filters in the transceiver have been 
considered (block 2614). If not, then filter number is increased by one. so that 
the next filter is considered. If aU the filters have been operated on, then the 
ActivateTaps substate machine sets the start address equal to the old end 

20 address, and sets the new end address equal to the sum of the old end address 
and the block size, the block size being the size of the next block of taps to be 
activated (block 2618). The ActivateTaps substate machine then terminates 
(block 2620). 

The DeactivateTaps substate machine invoked in block 2512 of FIG. 25 
25 operates sequentially on the echo canceller 232 and the 3 NEXT cancellers 230 
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(of FIG. 2). FIG. 27 illustrates the flowchart of the DeactivateTaps substate 
machine. 

Referring to FIG. 27, upon start, the DeactivateTaps substate machine 
sets the filter number to zero (block 2704) to operate on the echo canceller. The 
5 filter number zero represents the echo canceller, while filter numbers 1 through 
3 represent the 3 NEXT cancellers, respectively. The DeactivateTaps substate 
machine then sets the address equal to zero and the end equal to the length of 
the filter minus 1 (block 2706). If the absolute value of the tap coefficient at the 
specified address is less than T, the threshold, then the module TapOn is invoked 

10 to turn off the circuitry associated with the tap having the specified address 
(block 2708). When the tap is turned off, the tap is removed from the 
computation of the output of the filter, and from the adaptation process, i.e., the 
training and convergence of the filter coefficients. The DeactivateTaps substate 
machine then determines whether the address is equal to the end. If it is not, 

15 then the tap address is increased by one (block 2712), to consider the next tap of 
the filter. If the address has reached the end of the filter taps, then the 
DeactivateTaps substate machine determines whether filter number is equal to 
3, i.e., whether all the filters in the transceiver have been considered (block 
2714). If not, then filter number is increased by one, so that the next filter is 

20 considered (block 2716). If the DeactivateTaps substate machine has operated 
on all the filters, then process 2512 terminates (block 2718). 

The EstimateMSE substate machine invoked in block 2514 of FIG. 25 
operates sequentially on the echo canceller 232 and the 3 NEXT cancellers 230 
(of FIG. 2). FIG. 28 illustrates a flowchart of the EstimateMSE substate 
25 machine. 
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Referring to FIG. 28, upon start, the EstimateMSE substate machine sets 
the filter number to zero (block 2804) to operate on the echo canceller, and 
initializes the error metric MSE, the power metric and the flag. The filter 
number zero represents the echo canceller, while filter numbers 1 through 3 
5 represent the three NEXT cancellers, respectively. The EstimateMSE substate 
machine then sets the address equal to the length of the filter minus 1 (block 
2806) to scan the filter taps from the highest ordered end. The reason for using 
this scanning order and the flag is to ensure that the taps that will be powered 
down in block 2528 of FIG. 25 will be excluded from the computation of the 

1 0 power metric. A deactivated tap still consumes a small amount of power if it is 
not actually powered down because of the associated delay line section. To 
compute the new power metric such that it can be used to accurately regulate the 
power consumption of the system, the EstimateMSE substate machine must 
exclude from the computation the power consumption of a deactivated tap that 

1 5 will be powered down. 

If TapOn[addr] is zero, i.e., if the tap at the specified address is turned off, 
then EstimateMSE substate machine computes the new error metric MSE by 
adding to the previous value of MSE the squared value of the tap coefficient at 
the specified address. Otherwise, if the tap at the specified address is on, then 

20 the flag is set to 1. If the flag is 1, then EstimateMSE substate machine 
computes the new power metric by adding to the previous value of the power 
metric the estimated power consumption TapPower of the tap having the 
specified address (block 2808). TapPower is chosen from precomputed values 
stored in a look-up table. These precomputed values are functions of the size of 

25 the coefficients and of the active or inactive status of the coefficient. 

EstimateMSE substate machine determines whether the address is 0 
(block 2810). If it is not, then the tap address is decreased by one (block 2812), to 
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consider the next tap of the filter. If the address has reached 0, then 
EstimateMSE substate machine determines whether filter number is equal to 3, 
i.e., whether all the filters in the transceiver have been considered (block 2814). 
If not, then filter number is increased by one, so that the next filter is considered 
5 and the flag is reset to 0 (block 2816). If EstimateMSE substate machine has 
operated on all the filters, then it terminates (block 2818). 

The PowerDownTaps substate machine invoked in block 2528 of FIG. 25 
operates sequentially on the echo canceller 232 and the 3 NEXT cancellers 230 
(FIG. 2). FIG. 29 shows the flowchart of the PowerDownTaps substate machine. 

10 Referring to FIG. 29, upon start, the PowerDownTaps substate machine 

sets the filter number to zero (block 2904) to operate on the echo canceller first. 
The filter number zero represents the echo canceller, while filter numbers 1 
through 3 represent the 3 NEXT cancellers, respectively. The PowerDownTaps 
substate machine then sets the address equal to the length of the filter minus 1 

15 and the end equal to zero (block 2906). This means that the PowerDownTaps 
substate machine starts from the highest ordered end of the filter towards the 
lowest ordered end. 

The PowerDownTaps substate machine determines whether TapOn[addr] 
is 1, i.e., whether the tap at the specified address is active (block 2908). If the 

20 tap is not active, then PowerDownTaps substate machine turns off the power to 
the tap (block 2910), then checks whether the address is equal to the end (block 
2912). If the address is not equal to the end, the address is decreased by 1 to 
consider the next lower ordered tap (block 2914). If the address has reached the 
end, then the PowerDownTaps substate machine determines whether the filter 

25 number is 3, i.e., whether aU the 4 filters have been considered (block 2916). If 
the filter is not the last one, then filter number is increased by 1 so that the next 
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filter is considered (block 2918). Otherwise, the PowerDownTaps substate 
machine terminates (block 2920). 

If TapOn[addr] is 1 (block 2908), i.e., if the tap at the specified address is 
active, then the PowerDownTaps substate machine stops scanning the taps in 
5 the filter being considered, and checks the next filter, if any (block 2916). The 
substate machine then proceeds from block 2916 as described above. 

The PowerDownTaps substate machine of FIG. 25 operates on the echo 
and NEXT cancellers of each of the 4 constituent transceivers of the gigabit 
transceiver 102 depicted in FIGS. 1 and 2. It is important to note that, if the 
10 PowerDownTaps substate machine operates simultaneously on the 4 constituent 
transceivers, there will be a power demand surge in the gigabit transceiver 102. 
In order to avoid such a power demand surge, the PowerDownTaps substate 
machine operates on the 4 transceivers in a time-staggered manner. 

Some important state machines and substate machines of the PHY 
15 Control module have been described in detail above. These serve as illustrations 
of some of the functions of the PHY Control module, and do not form an 
exhaustive list of the state machines of the PHY Control module- 
While certain exemplary embodiments have been described in detail and 
shown in the accompanying drawings, it is to be understood that such 
20 embodiments are merely illustrative of and not restrictive on the broad 
invention. It will thus be recognized that various modifications may be made to 
the illustrated and other embodiments of the invention described above, without 
departing firom the broad inventive scope thereof. It will be understood, 
therefore, that the invention is not Umited to the particular embodiments or 
25 arrangements disclosed, but is rather intended to cover any changes, adaptations 
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or modifications which are within the scope and spirit of the invention as defined 
by the appended claims. 
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CLAIMS 

What is claimed is: 



1 1. A method for controlling operation of a multi-pair gigabit transceiver, 

2 the multi-pair gigabit transceiver comprising a Physical Layer Control module 

3 (PHY Control), a Physical Coding Sublayer module (PCS) and a Digital Signal 

4 Processing module (DSP), the method comprising: 

5 receiving at the PHY Control user-defined inputs from the Serial 

6 Management module and status signals and diagnostics signals from the DSP 

7 and the PCS; and 

8 generating control signals responsive to the user-defined inputs, the 

9 status signals and diagnostics signals, from the PHY Control to the DSP and the 
10 PCS. 

1 2. The method of Claim 1 wherein the multi-pair gigabit transceiver 

2 further comprises an Auto-Negotiation module, the method further comprising: 

3 receiving at the PHY Control a link control signal from the Auto- 

4 Negotiation module to start operation of the PCS and the DSP. 

1 3. The method of Claim 1 wherein the multi-pair gigabit transceiver 

2 further comprises a Gigabit Medium Independent Interface (GMII) module, the 

3 method further comprising: 

4 receiving at the PHY Control a transmit enable signal from the GMII 

5 module to start transmission of data packets. 

1 4. The method of Claim 1 further comprises: 

2 receiving a user-defined reset signal at the PHY Control; and 

3 generating a control signal to reset the DSP and the PCS. 

1 5. The method of Claim 1 wherein the control signals include a 

2 DSP/PCS reset signal to reset the DSP and the PCS. 



65 



BNSDOCID: <WO 0065772A2 I > 



wo 00/65772 



PCT/US0O/in23 



1 6. The method of Claim 1 wherein the DSP comprises a set of echo 

2 cancellers and a set of near-end cross-talk (NEXT) cancellers, and wherein the 

3 control signals include echo and NEXT control signals to control convergence of 

4 the echo cancellers and NEXT cancellers, respectively. 

1 7. The method of Claim 1 wherein the DSP comprises a multi- 

2 dimensional decision feedback equahzer (DFE) and wherein the control signals 

3 include DFE control signals to control convergence of the multi-dimensional 

4 DFE. 

1 8. The method of Claim 1 wherein the DSP comprises a timing recovery 

2 (TR) module and wherein the control signals include TR control signals to control 

3 convergence of the timing recovery module. 

1 9. A method for controlling convergence of cancellers, a decision 

2 feedback equalizer (DFE) and a timing recovery module, the method comprising 

3 the operation of: 

4 (a) decoupling the timing recovery module from the cancellers and the 

5 DFE while converging the cancellers and the DFE at the same time. 

1 10. The method of claim 9 further comprises the operation of: 

2 (b) converging the cancellers, the DFE and the timing recovery module 

3 at the same time after the cancellers and the DFE have converged. 

1 11. The method of claim 9 wherein the operation (a) comprises the 

2 operation of ramping up very slowly and hnearly the phase output of the timing 

3 recovery module. 

1 12. A control module for controUing convergence of cancellers, a decision 

2 feedback equalizer (DFE) and a timing recovery modide, the control module 

3 comprising a state machine for de-coupling the timing recovery module from the 
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4 cancellers and the DFE while converging the cancellers and the DFE at the same 

5 time. 

1 13. The control module of claim 12 wherein the state machine converges 

2 the cancellers, the DFE and the timing recovery module at the same time after 

3 converging the cancellers and the DFE at the same time . 

1 14. The control module of claim 12 wherein the state machine de-couples 

2 the timing recovery module by ramping up very slowly and hnearly the phase 

3 output of the timing recovery module. 

4 15. A PHY control module for controlUng operation of a multi-pair gigabit 

5 transceiver, the multi-pair Ethernet transceiver comprising a Physical Coding 

6 Sublayer module (PCS) and a Digital Signal Processing module (DSP), the PHY 

7 control module comprising: 

8 a main state machine for receiving user-defined inputs from the Serial 

9 Management module and status signals and diagnostics signals fi:om the DSP 

10 and the PCS and for generating control signals, responsive to the user-defined 

1 1 inputs, the status signals and diagnostics signals, to the DSP and the PCS. 

1 16. The PHY control module of Claim 15 wherein the multi-pair gigabit 

2 transceiver further comprises an Auto-Negotiation module and wherein the main 

3 state machine receives a hnk control signal from the Auto-Negotiation module to 

4 start operation of the PCS and the DSP, 

1 17. The PHY control module of Claim 15 wherein the multi-pair gigabit 

2 transceiver further comprises a Gigabit Medium Independent Interface (GMII) 

3 module and wherein the main state machine receives a transmit enable signal 

4 from the GMII module to start transmission of data packets. 

1 18. The PHY control module of Claim 15 wherein the main state machine 

2 receives a user-defined reset signal and generates a control signal to reset the 

3 DSP and the PCS. 
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1 19. The PHY control module of Claim 15 wherein the control signals 

2 include a DSP/PCS reset signal to reset the DSP and the PCS. 

1 20. The PHY control module of Claim 15 wherein the DSP comprises a 

2 set of echo cancellers and a set of near-end cross-talk (NEXT) cancellers, and 

3 wherein the control signals include echo and NEXT control signals to control 

4 convergence of the echo cancellers and NEXT cancellers, respectively. 

1 21. The PHY control module of Claim 15 wherein the DSP comprises a 

2 multi-dimensional decision feedback equahzer (DFE) and wherein the control 

3 signals include DFE control signals to control convergence of the multi- 

4 dimensional DFE, 

1 22. The PHY control module of Claim 15 wherein the DSP comprises a 

2 timing recovery (TR) module and wherein the control signals include TR control 

3 signals to control convergence of the timing recovery module. 
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